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Bulk and shear viscosities of the two-dimensional electron liquid in a doped graphene sheet
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Hydrodynamic flow occurs in an electron liquid when the mean free path for electron-electron collisions is the
shortest length scale in the problem. In this regime, transport is described by the Navier-Stokes equation, which
contains two fundamental parameters, the bulk and shear viscosities. In this paper, we present extensive results for
these transport coefficients in the case of the two-dimensional massless Dirac fermion liquid in a doped graphene
sheet. Our approach relies on microscopic calculations of the viscosities up to second order in the strength of
electron-electron interactions and in the high-frequency limit, where perturbation theory is applicable. We then
use simple interpolation formulas that allow to reach the low-frequency hydrodynamic regime where perturbation
theory is no longer directly applicable. The key ingredient for the interpolation formulas is the “viscosity transport
time” 7,, which we calculate in this paper. The transverse nature of the excitations contributing to t, leads to the
suppression of scattering events with small momentum transfer, which are inherently longitudinal. Therefore,
contrary to the quasiparticle lifetime, which goes as —1/[T?In(T/T)], in the low-temperature limit we find

T, ~1/T2%
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I. INTRODUCTION

Hydrodynamics [1-3] is a powerful nonperturbative theory
to deal with transport properties of strongly interacting many-
particle systems. In the solid state, interactions need to be
sufficiently strong to ensure that the mean free path .. = VpTee
for electron-electron (e-e) collisions is the shortest length
scale in the problem, i.e., fee K €, L,vp/w. Here, vg is
the Fermi velocity, 7. is the quasiparticle lifetime due to
electron-electron collisions [4], £, is the mean free path for
momentum-nonconserving collisions, L is the sample size,
and w is the frequency of the external perturbation. In Fig. 1,
we show the result of microscopic calculations of the e-e mean
free path for the two-dimensional (2D) massless Dirac fermion
(MDF) liquid in a doped graphene sheet [7-9] embedded
between two semi-infinite uniform and isotropic media with
dielectric constants €; and €. The two-dimensional Fourier
transform of the e-e interaction in this case is v, = 2me?/(eq),
where € = (€1 + €;)/2. Technical details on these many-body
diagrammatic perturbation theory calculations can be found,
e.g., in Refs. [5,6]. We clearly see that, for sufficiently large
temperatures, there is a wide range of carrier concentrations in
which £.. becomes much shorter than the typical device size
(L ~ 10 pm).

The regime defined by the above inequalities is named
in what follows “hydrodynamic,” “low-frequency,” or “col-
lisional.” In the range of temperatures and carrier densities in
which this regime is attained, e-e interactions drive the system
towards a local quasiequilibrium state characterized by slowly-
varying time-dependent density n(r,t) and drift velocity
v(r,t), which obey the continuity and Navier-Stokes equations.
The latter are controlled by two transport coefficients, the shear
viscosity, 1,0, Which describes the friction between adjacent
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layers of fluid moving with different velocities, and the bulk
viscosity, ¢,—0, which describes the dissipation arising in
the liquid when it undergoes a homogeneous compressionlike
deformation [1].

When, on the contrary, the frequency w of the external
perturbation is much larger than the quasiparticle collision rate
(i.e., wTee > 1)—but still much smaller than the characteristic
free-particle frequencies epitomized by the Fermi energy—e-e
interactions fail to drive the system towards local quasiequilib-
rium [4]. Nonetheless, it is still possible to describe the system
by hydrodynamic equations of motion [10], provided that the
low-frequency bulk and shear viscosities are replaced by their
high-frequency counterparts [4] (¢ and 1, respectively) and
that a finite value of the shear modulus (Sy) is allowed.
This regime is named in what follows “high-frequency” or
“collisionless.” We emphasize that it is a “high-frequency”
regime only on the scale of e-e collisions, but not at all on the
scale of the Fermi energy.

In this paper, we calculate the frequency-dependent vis-
cosities ¢, and n,, for the 2D MDF liquid in a doped graphene
sheet [8]. Doping, which creates a Fermi liquid of electrons
or holes in the upper or lower Dirac band, is of essence here:
we note that the zero-frequency shear viscosity of thermally
excited electron-hole pairs in an undoped graphene sheet
was previously calculated in Ref. [11]. The viscous flow
of MDFs was also suggested as a possible explanation for
the linear dependence of the conductivity and its residual
value at the neutrality point [12]. The low-frequency bulk
and shear viscosities of an ordinary three-dimensional (3D)
parabolic-band electron gas in the Fermi liquid regime were
calculated long ago by Abrikosov and Khalatnikov [13]. They
found that 1, = So7y, Where 7, is a “viscosity transport
time” of the order of (but notidentical to) 7., (here all quantities
refer to a 3D system). The Abrikosov-Khalatnikov calculation
was extended to the opposite regime of high frequency in
Ref. [10]. The main difficulty in connecting these two regimes
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FIG. 1. (a) The e-e mean free path £, (in um) in a 2D MDF liquid
is plotted as a function of temperature 7" (in K). Different curves refer
to different values of the excess carrier density, n = 0.5 x 10'> cm~2,
n=10x10"” cm™2, and n = 2.0 x 10> cm™2. (b) The e-¢ mean
free path £ (in um) in a 2D MDF liquid is plotted as a function
of the excess carrier density n (in units of 10'> cm™2), for three
values of T, i.e., T = 100, 200, and 300 K. In both panels, the e-e
dimensionless coupling constant has been set to o = 0.5.

lies in the fact that e-e interactions play very different roles
in the two cases. In the low-frequency regime, their main
effect is to cut off an otherwise diverging shear viscosity:
the corrected shear viscosity is proportional to t,, which is
nonperturbative in the strength of e-e interactions. Conversely,
in the high-frequency regime, e-e interactions generate a
nonzero value for the otherwise vanishing shear viscosity: this
finite value can and has been calculated perturbatively.

Our theoretical approach is based on ideas first presented in
Ref. [10]. We combine the perturbative information contained
in 7e and ¢, with the calculation of 7, to generate non-
perturbative interpolation formulas for 7, and ¢,. The latter
are approximately valid at all frequencies and consistently
include many-body self-energy and vertex corrections. The
final formulas are [10]

o ((1)77v)2
b = b s
i M
_ SooTy + Noo(@Ty)
o = 1+ (Q)":v)2

where, in addition to the above-mentioned quantities 7., and
oo, We also see the high-frequency shear modulus Sy, which
is to the shear viscosity what the “Drude weight” is to the
conductivity. We note that the shear modulus is renormalized
by e-e interactions: however, this effect is relatively small,
and it is thus qualitatively correct to approximate S., by its
noninteracting value, which in the case of graphene is SY =
neg/4, where eg is the Fermi energy.

From a mathematical point of view, the viscosities appear
as coefficients in the expansion of the stress tensor 7, to first
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order in the spatial derivatives of oscillating velocity fields,
Uy = %(auvv + d,v,). This can also be viewed [14] as the
out-of-phase component of the response of 7,,,, to an oscillating
metric field g,,. For a 2D isotropic fluid, the expansion has
the form

Tp.v(w) = ({w - nw)[v ' v(w)]suv + anvuv(w)' (2)

In a parabolic-band electron gas [4], and also in graphene in
the Fermi liquid regime [8], the response of the stress tensor
to the metric field is connected by equations of motion to the
nonlocal response of the current to a vector potential, i.e., the
coefficient of ¢ in the expansion of the nonlocal conductivity
for small wave vectors ¢g. This implies that the high-frequency
viscosities can be extracted from the damping rate of plasmons,
the high-frequency collective excitations of an electron liquid
[4,15]. On the other hand, no standard protocol exists at present
to measure the low-frequency viscosities of electrons in a
solid-state host. Tomadin et al. [16] proposed a Corbino disk
viscometer, which allows a determination of the hydrodynamic
shear viscosity 7,.o from the dc potential difference that arises
between the inner and the outer edge of the disk in response
to an oscillating magnetic flux. More recently, it has been
shown [17,18] that 1, can also be extracted from purely-dc
nonlocal transport measurements in ultra-clean multi-terminal
Hall bar devices.

Our paper is organized as follows. In Sec. II, we introduce
the tight-binding model of graphene, which we use [19-21]
to avoid broken gauge invariance due to the presence of
a rigid ultraviolet cut-off in the MDF low-energy theory.
The MDF limit is indeed taken only at the very end of the
calculation. In Sec. III, we derive the relativistic counterpart
of the Navier-Stokes equation [1], which describes the long-
wavelength dynamics of quasiparticles in graphene in both
the low- and high-frequency regimes. In this section, we also
show the connection between the macroscopic bulk and shear
viscosities and the longitudinal and transverse current-current
response functions, which can be microscopically calculated
from the usual Kubo formula [4]. In Sec. IV, we use a kinetic
equation approach and the relaxation-time approximation to
determine the interpolation formulas for the viscosities and
the elastic moduli of graphene in terms of the high-frequency
Viscosity 7 and a yet undetermined transport time t. These
quantities are calculated in the remainder of the paper. Since
the longitudinal current-current response function of the 2D
MDF liquid in a doped graphene sheet was calculated in
Ref. [19], in Sec. IV A we focus on its transverse counterpart.
We calculate it at the lowest nonvanishing order in the strength
of e-e interactions, which is quantified by the graphene’s fine
structure constant [8]

&2

3

Uee = .

€ hUF
Our results for the high-frequencies bulk and shear viscosities
are reported in Sec. IV A. We prove that the high-frequency
bulk viscosity vanishes, while 7 is finite. Sec. IV B is devoted
to the calculation of the viscosity transport time t,. The
approach we adopt is very similar to that used in Refs. [22,23],
where the e-e contributions to the charge, spin, and thermal
conductivities of the 2D MDF liquid in a doped graphene
sheet were calculated. Therefore, only the main steps of the
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calculation are surveyed. We refer the reader interested in
more details to Ref. [23]. Finally, In Sec. V, we show our
result for the shear viscosity at finite frequency 7,. Making
use of Eq. (1), we provide numerical results for the shear
viscosity of the 2D MDF liquid in a doped graphene at all
frequencies. Appendix B presents a self-contained description
of the generalized relaxation time approximation, leading to
the formulas of Eq. (1). Appendix D contains several technical
details of the calculation. In this paper, we set, except when
explicitly stated otherwise, i = 1.

II. MODEL AND BASIC DEFINITIONS

Following Refs. [19-21], we describe m electrons in
graphene by a one-orbital tight-binding (TB) model [7].
To keep the model as simple as possible, we set to zero
all the hopping parameters but the nearest-neighbor one.
The low-energy MDF limit will be taken only at the very
end of the calculation, after carrying out all the necessary
algebraic manipulations. By following this procedure, we
avoid problems associated with the introduction of a rigid
ultraviolet cutoff, which breaks the gauge invariance [24] and
is responsible for the appearance of anomalous commutators
[24,25].

The noninteracting Hamiltonian is

Ho= > Ul (fr oup)Visp: “

keBZ,a,B

where the operator @,ﬁa (@k,a) creates (annihilates) an electron
with Bloch momentum k, which belongs to the sublattice [7]
a = A, B. The vector f is defined as [7]

3
fr=—1) (ele ™,

i=1

— Im[e k). (5)

Here, t ~ 2.8 eV is the nearest-neighbor tunneling amplitude,
while §; (i = 1,...,3) are the vectors which connect an atom
toits three nearest nelghbors ie.8 =av3%/2+ ay/2,8, =
—a/3%/2+ap/2, and 83 = —ay. Here, a ~ 1.42 A is the
carbon-carbon distance in graphene. The sum over k in Eq. (4)
is restricted to the first Brillouin zone (BZ) and the Pauli
matrices 0,5 (I = x,y,z) operate on the sublattice degree of
freedom.

The TB problem posed by the Hamiltonian (4) can be easily
solved analytically [7]. One finds the following eigenvalues
ek = Al frl, with A = =£. These two bands touch at two
inequivalent points (K and K') in the hexagonal BZ. The
low-energy MDF model is obtained from Eq. (4) by taking
the limit a — 0, while keeping the product ra constant. In
this limit f g, — vrk, where vg = 3ra/2 ~ 10° m/s is the
density-independent Fermi velocity.

Introducing the field operator E,TM (Ck.») as the creation
(annihilation) operator in the eigenstate representation, Eq. (4)
can be rewritten as

=) ekaly,Cha 6)
k.x
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In the same representation, the Hamiltonian describing e-e
interactions reads [4]

N 1
Hee = 5 > vghigi g, 7
q
where the density operator is

~ _ A —{- A
ng = Z Vi—g2.aVicta/2a
k,a

> Dtk —q/2.k+q/2De)_, 5 Chrgpin (8
k)0

and v, is the 2D discrete Fourier transform of the real-
space Coulomb interaction, which is a periodic function of
the reciprocal-lattice vectors, and reduces to ~2me?/(eq)
in the limit of ¢ — 0. Finally, in Eq. (8), we have introduced
the “density vertex”
i(6k—0r)/2 ! o= 1(Ok—041)/2

Dyl k) = e T ©)
with 0 = Arg| fx » +ifk,y]. Here, { fi;,i = x,y} denotes the
Cartesian component of the vector f. In the low-energy MDF
limit, O 1 — @k, Where ¢y is the angle between k and the X
axis.

Note that in writing Eq. (7) we have neglected the one-
body operator proportional to the total number of particles,
which avoids self-interactions [4], since it has no effect on the
calculations we will carry out below. The viscosities are indeed
determined (at the lowest nonvanishing order in the strength
of e-e interactions) by two-particle excitations only, which are
generated by two-body operators.

We also introduce the current operator

8fk0¢ At
J‘I"‘ ZZ dkg a)/y wk —q/2, ywk+q/2y

kp vy

= . “Sifi?(k 4/2.k +q/2)

kB AN

X 6ltfq/2,)‘ék+q/2,)\/, (10)
where the “pseudospin-density” vertices are

NelOA8)/2 4 ) o=iOrtby)/2

Sk k') = 5 an
and
, / W el OF0/2 _ 3 p=iOk+0,)/2
SOk .k = 5 .12

For the sake of definiteness, we assume the system to be n-
doped, with an excess electron density #. Results for a p-doped
system can be easily obtained by appealing to the particle-hole
symmetry of the MDF model defined by Eqs. (6) and (7). The
Fermi wave vector is defined as kg = «/4mn/N;, while eg =
vrkr is the Fermi energy, and Ny = 4 is the number of fermion
flavors in graphene. For future purposes, we also define the
matrix element of the Z component of the pseudospin between
the states labeled by k,A and k', 1:

e O—0/2 _ 3 37 o=iO—0,)/2

SO (k.k') = 5 )
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In the continuum limit and for k + q/2,k — q /2 close to
the K point of the Brillouin zone, projecting Egs. (11)—(13) at
the Fermi surface in the upper band, we get [to O(g?)]

X k)(
Sk —q/2.k+q/2) - =,

kg
ky
SV (k—q/2.k +q/2) — k—‘ (14)
F
. i (g xk)-2
SOk —q/2.k +q/2) — R
F

From these equations, we see that the projected current
operator at the Fermi surface in the upper band takes the
Galilean-invariant form

2 kot N N

Jg.a = Z m_cqu/2,+ck+‘1/2~+’ (15)

k C

with an effective mass m. = kp/vr. We will make repeated use
of this important result.

III. THE BULK AND SHEAR
VISCOSITIES — GENERAL THEORY

The bulk and shear viscosity are usually introduced
[1] as phenomenological coefficients to describe the long-
wavelength motion of a viscous fluid close to a quasiequi-
librium situation. The interactions between the elementary
constituent of the fluid, although extremely complicated at the
microscopic level, admit a rather simple description in terms
of macroscopic coefficients. Their space and time average is
in fact responsible for the friction between (macroscopic) fluid
elements having different values of the momentum. The two
viscosities then describe the forces between fluid elements that
undergo either a shear or a compression-like long-wavelength
deformation.

It is therefore possible, starting from a fluid-like description
of the 2D MDF liquid in graphene, to derive the macroscopic
response of currents to external vector potentials, in the linear
response regime and in terms of hydrodynamic coefficients.
Equating the coefficients of proportionality between currents
and vector potentials to the microscopic current-current linear
response functions of the system, one obtains the microscopic
definitions for the bulk and shear viscosities. It turns out that
these can be calculated from the coefficients of the expansion
to order g2 /w? of the current-current linear response functions
(in the limit ¢ — 0). This approach was used in Ref. [10] for
the case of a parabolic-band (i.e., Galilean invariant) electron
gas.

A more fundamental approach [14,26] relies on the fact
that it is possible to microscopically define the stress tensor
operator 7,,,(x,t), starting from the equation of motion of the
momentum density, and to calculate the deviation of its average
from the equilibrium value due to an applied strain. In the linear
regime and at low frequencies, such variation is proportional
to the applied strain. The coefficient of proportionality is the
“tensor of elasticity,” a rank-4 tensor whose imaginary partin a
rotationally and time-reversal invariant system at ¢ = 0 can be
characterized by two coefficients, the complex bulk and shear
moduli. Note that in the linear regime the tensor of elasticity is
equivalent to the stress-stress response function. Therefore the
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knowledge of the latter response function constitutes a viable
route to the calculation of the viscosity coefficients [14,26].

The connection between the two approaches is rather trivial
in Galilean invariant systems. Indeed in such systems the
current density is proportional to the momentum density, and
therefore its time derivative is proportional to the divergence of
the stress tensor. It is therefore possible to derive an equation
of motion that relates the current-current response functions
to the stress-stress response. From that, it is thus evident that
the viscosity, which is proportional to the coefficient of the
term of order ¢?/w” in the expansion of the current-current
response function, can also be calculated from the ¢ = 0 limit
of the stress-stress response.

In the 2D MDF liquid, however, the current and the
momentum are not proportional to each other. The current is
indeed an off-diagonal operator (in pseudospin space), which
represents the hopping between the two inequivalent carbon
atoms in the unit cell. Conversely, the momentum operator
is a diagonal one (as, e.g., the density operator). Therefore
the two approaches could give, in principle, different results.
Nevertheless, we find that in the Fermi liquid regime, i.e.,
when graphene is doped and the temperature 7 < ep/kg is
sufficiently low (kg is the Boltzmann constant), the two agree
with each other. In the following sections we show in detail
how the two approaches reconcile in the Fermi liquid regime.
Here, however, we briefly discuss the problem in general terms.

Itis quite easy to understand what goes wrong in the general
case. While the second approach, i.e., the calculation from
the stress-stress response, is completely general, the first one
relies on the fact that it is possible to write a Navier-Stokes
equation for the velocity as in the classical nonrelativistic
case. This statement is highly nontrivial. Indeed, in graphene
the velocity operator, being proportional to the unit vector
of the momentum, is not a conserved quantity. Therefore it
is not possible to write in general a Navier-Stokes equation
for the macroscopic velocity in the same way as it is done
in the Galilean invariant case. Since the quantities that are
conserved by e-e interactions are the density, energy density,
and momentum, one should in principle consider the Navier-
Stokes equations for these three.

However, as it was shown in Ref. [23], in the Fermi liquid
regime the velocity is essentially a conserved quantity. This
statement is rationalized as follows. At low temperature and
in a doped system, the states that contribute to transport are
those in a narrow region (of size ~kg7) around the Fermi
energy. Those states have momentum nearly identical to the
Fermi momentum kg, and the velocity operator evaluated on
them is simply proportional to the momentum (via the constant
kg). Since the same states give the dominant contribution to
the total momentum of the system, and the latter is conserved
by e-e interactions, also the velocity is a conserved quantity
[27]. This paves the way to a hydrodynamic description of the
velocity, with a Navier-Stokes equation [28] that contains the
same viscosities as the momentum one. It is indeed clear that
the two equations must be proportional to each other via the
cyclotron mass m. = kg/vr, as discussed at the end of Sec. II.

In passing, we mention that a hydrodynamic description of
graphene, valid at all doping concentrations and in the linear-
response regime, has been worked out in Ref. [30]. There, the
authors show that it is possible to describe the hydrodynamic
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transport in graphene in terms of three macroscopic currents
carrying electric charge, energy, and quasiparticle imbalance.
In the “Fermi-liquid regime,” the three macroscopic currents
become equivalent. Therefore the transport in a doped MDF
system in the hydrodynamic regime can be described by the
standard Navier-Stokes equations.

A. The hydrodynamic approach

Following Refs. [11,28], we describe the long-wavelength
dynamics of the 2D MDF liquid in a doped graphene sheet
by the nonrelativistic limit of the relativistic Navier-Stokes
equations in 2+1 dimensions. The derivation of this theory
can be found in, e.g., Ref. [1]. The use of the relativistic
form of the Navier-Stokes equations is dictated by the linear-
in-momentum band dispersion of quasiparticles [29], which,
however, move with a Fermi velocity vg that is roughly 300
times smaller than the speed of light c. For this reason,
retardation effects can be safely neglected.

Moreover, we assume that only the states around the Fermi
surface contribute to transport. This is certainly a good approx-
imation in the Fermi-liquid regime, and in the limit in which
the wave vector and frequency of the external perturbation
are small. In the Fermi-liquid regime, the fluid velocity can be
expressed, in the “nonrelativistic” limit |v(r,7)| < vg, in terms
of the macroscopic current j(r,t) carried by quasiparticles in
conduction band as v(r,t) = j(r,t)/n(r,t). Here, n(r,t) is the
position- and time-dependent excess number density.

The linearized Navier-Stokes equations then read [1,11,28]

w
—0v; + ViP = Vi{nolV;vi + Viv; — (V- 0)d;;]
Vg

e
+50(V - v)8;;} = neqzatAi’ (16)

where the latin indices i,j = x,y denote the Cartesian com-
ponents of the vectors, w = w(r,t) is the enthalpy density
(which is equivalent to the Drude weight), and P = P(r,t)
is the local pressure. The last term on the left-hand side of
Eq. (16) is the divergence of the stress tensor t;; = 7;;(r,?),
whose most general form, based on symmetry arguments, is
reported in Eq. (2) [1]. Since we are interested in deriving
the current response of the fluid to an external perturbation,
in Eq. (16) we expressed [4] the driving field as the time
derivative of a vector potential A = A(r,t). Note that we do
not introduce any retardation effect in the driving term since
the Fermi velocity is much smaller than the speed of light.

In Eq. (16), we assume the density to be close to its
equilibrium value (which only in this Section we denote
as negq), i.e., n(r,t) = neq + dn(r,t) with [6n(r,1)/neg| < 1.
Moreover, in a linear-response fashion, also the current density
Jj(r,t) and the vector potential A(r,r) are assumed to be
small (note that the current is zero at equilibrium). Using a
well-known thermodynamic relation we rewrite [4]

oP B
VP=—Vn=—Vn, a7

on Teg
where B = B(n) is the bulk modulus [4] of the 2D MDF liquid.
In Eq. (17), we suppressed the space- and time-dependences of
the various quantities for brevity. This equation, together with
the continuity equation o,n(r,t) = —V - j(r,t), allows us to
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rewrite the Fourier transform of Eq. (16) as

w B . . 2. . . ) €
—wji — —(q - J)qi +inog” ji +i%0(q - j)gi = ng—wA;.
UF w C

(18)

To obtain this equation, we used that in the linear regime
o v(r,t) =0, [j(r,t)/n(r,t)] = 0;j(r,t)/neq. A similar ap-
proximation was used for terms which contain spatial deriva-
tives of v(r,1).

We now observe [4] that Eq. (18) is suitable to describe
the long-wavelength dynamics of 2D MDFs in the collisional
WTee K 1 limit. In this regime [4], the system is indeed
expected to behave as a liquid, with a finite shear viscosity
and a vanishing shear modulus. However, in the opposite,
collisionless, limit (w7, >> 1) asolid-like behavior is expected
to emerge, characterized by a small shear viscosity and a finite
shear modulus [4]. The system may thus be described by the
equations of the elasticity theory [31], which are obtained
from Eq. (18) by replacing [4] the low-frequency coefficients
by their high-frequency counterparts, and by introducing a
finite shear modulus Sy,. Defining the complex bulk and shear
moduli, B, = B, — iw, and S, = S,, — iwn,, Eq. (18) then
reads

%wj,- - @(q i — ﬁqzji = nquCUAi, 19)
Vi 1) ) c

which is now valid in both the collisionless and collisional
regimes. Note that fie(S,,) — 0 in the low-frequency regime.
Separating the longitudinal and transverse components of
Eq. (19), we finally get

2 2

L (q.0) fea® ° ALq.0)

,w) = _ _ - N5
IO = vt — By + S)gr e

e
= 11(q.0)° ALg.0) 20)
and
. nngz e
@) = —— S arq0)

ww?/vE — 8,q% ¢
e
= x1(q.0)— A1(q.). 3y

The transverse component of any 2D vector v is defined as
vy = v — §(q - v), while its longitudinal component is vy =
(¢ - v)q. Equations (20) and (21) provide a macroscopic defi-
nition of the longitudinal [ (q,®)] and transverse [ x1(q,®)]
components of the current-current linear response function.
Indeed, in a rotationally-invariant system

qeqk
Xjeji(g,0) = XL(%CU)?

k
+ x1(g.0) (8& - ";%) (22)

where £,k = x,y are Cartesian indices. It is easy to show that,

if ¢ =q%, xL(q.®) = x,;,(q,0) and x1(q,0) = Xj,;,(q,0).
These relations will be used in what follows.
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Expanding Egs. (20) and (21) to order ¢%/w?, we get

2 2 2
~ _ UF q
SmxL(g.w)] = _<Wneq> ;@w + 10) (23)

and

2 2 2

~ UF q
Jm[XT(Q»w)] = - 0) neq N, (24)

w w

where we have approximated the enthalpy density by its
noninteracting value w® = neqér. This is justified because
the relations (23) and (24) will be used to estimate the high-
frequency bulk and shear viscosities, {~, and 1, respectively.
In the high-frequency regime, the two viscosities can be
calculated perturbatively, the first nonvanishing contribution
being of second order in the dimensionless strength of e-e
interactions, i.e., & in Eq. (3). It is therefore legitimate, up to
second order, to neglect interaction corrections to w.

By inverting Eqs. (23) and (24), we can express the high-
frequency bulk and shear viscosities of a 2D MDF liquid in
terms of the current-current response functions. To second
order in the strength of e-e interactions these hydrodynamic
coefficients read [4]

2

C

wm ~
5 Im[xr(g, )],
q

Noo = — lim lin(l)

0—>0g—

L omd ~
loo = —il_r)l})(}l_l% p {SmlxL(q.@)] — Im[x1(q.®)]}.

(25)

Note that in Eq. (25) the limit @ — 0 is taken affer the limit
WTee > 1.

The current-current response functions on the right-hand
side of Eq. (25) have a rigorous microscopic definition [4] in
terms of Kubo products, i.e., [32]

| BN
Xap(@) = <((4; B))o, (26)
where S is the 2D electron system area, A and B are operators,
and

oo

((A; BY),, = —i/ dte’ TN A(t), BY). 27
0

Note that the average (. . .) in Eq. (27) is taken over the ground

state of the interacting system.

The longitudinal component xp (¢,) of the current-current
response function of 2D MDFs was calculated in Ref. [19]. In
this paper, we evaluate the transverse current-current response
function xt(q,w) at second order in the strength of e-e
interactions and in the limit vpg K w <K 2¢p.

We note that, from Eq. (20), it is possible to derive
an expression for the nonlocal charge conductivity o(q,w).
Replacing w?> — w[w + i/t(q,w)] in its denominator to ac-
count for nonmomentum-conserving dissipative effects, and
neglecting the real parts of 3, and S,, (Which are negligible in
the limit vpg K ), we get

_ xlg,@) n/me

) = = . (28
(q.0) —iw —iw+ 1/t(q,w) + vuq? (28)

InEq. (28), we defined the kinematic viscosity v,, = n,,/(nm.),
and we used the fact that ¢, = 0 (as will be demonstrated

PHYSICAL REVIEW B 93, 125410 (2016)

in what follows). Since Eq. (28) is valid to all orders
in the perturbative expansion in the strength of the e-e
coupling constant, the cyclotron mass m. must be renormalized
according to Landau theory of normal Fermi liquids [4].

B. The microscopic approach

In order to get a macroscopic Navier-Stokes equation for a
given quantity, it is necessary for the latter to be conserved
by interactions at the microscopic level. For example, the
momentum density operator p(x,t), whose Fourier transform
is microscopically defined as

Po= Y kU, Ve (29)
keBZ,a

is a locally conserved quantity, and satisfies the following
continuity equation:

O pj(x,t) = —0;%;(x,1), (30)

where i,j = x,y are Cartesian indices and the summation
over repeated indices is understood. Equation (30) defines the
symmetric stress tensor operator £;;(x,¢). In the noninteracting
limit, the Fourier transform of %;;(x,?) is defined by

, kiol, + kol
~(0) AT iYap J%aB
Tq.ij = VF Z Vi - 5 Vk.p- (31

k.a.p

Let us now consider a time dependent deformation u(r,t)
of the electron coordinates {r;,i = 1,...,N}, which are thus
shifted as r; — r; — u(r;,t). This deformation should not be
confused with a similar one that could be applied to the lattice.
To linear order, the metric tensor of the deformed system is

8ij = 6ij — (Qjuj + 9;u;)
= 8ij — 214,']', (32)

where u;; is the strain tensor of the elasticity theory [31].
Note that g/ = §Y 4+ 2u". Under this transformation the
Hamiltonian becomes (to linear order in u;;)

= 7:[ + fl'jlztij. (33)

It can be shown [33] that the noninteracting part of the stress
tensor defined by Eq. (33) is identical to Eq. (31). The variation
of the Hamiltonian, %; juij , induces a variation in the expecta-
tion value of the stress tensor operator. To linear order in u'/,
we get

8(2;)(q,®) = xiju(g,0)u (q,0), (34)

which defines the tensor of elasticity x;;w(q,). In a rotation-
ally invariant system, this tensor can be decomposed as

lim x;j (g = 0,0)
w—0

- ~ 2
= Bu6ijdi + Sw (5ik5j1 + 8udjk — E(SijSkl)a (35)

where d = 2 is the dimensionality of the system. From the
general theory of linear response [4] and the form of the
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perturbation in Eq. (33), it is clear that the elasticity tensor
can be calculated from the stress-stress response function, i.e.,

1
E((ﬂ;(q); T (=)))o- (36)

In writing Eq. (36), we have neglected a ‘“contact” term
(analogous to the diamagnetic term of the current-current
response function), which has been recently discussed, e.g.,
in Ref. [34]. However, this term is purely real and thus does
not contribute to the bulk and shear viscosities, which are
defined as

1 1
_i%@Z\gm[XU lj(O ) — Xlljj(o w)i|
LJ

Xijki(q,0) =

Nw
| 37
Lo = = lim - Ztsm[x,-i, ji(0.0)].

w—0
L]

C. Equivalence of the hydrodynamic and microscopic
approaches in a Fermi liquid

InaGalilean invariant system (in which the current operator
is j, = Pgy/mc), itis rather easy to see that the hydrodynamic
and microscopic approach give identical results. Thanks to
Eq. (30) and the following identity:

([A,B)

w((A; B)),, = <<zatA B, +
= ((A;—id,B)), + ([A,B]), (38)

A~

we get (¢ = gX)
~ . mg(l)z
\sm[Xxy,xy(q =0,0)] = ;I_I)I}) q2

Smlxr(q, )],

) 5 39)

S”l[)()cx,xx(q = 0»(1))] = ;H}é Sm[XL(qaw)]

Here, we used twice Eq. (38) and the fact that the average
of the commutator on the right-hand-side of that equation is
purely real. Since,

1 1
Xxy,xy(osw) = Z Z |:le l](0 ) — th ]j(0 w)i|
ij

(40)

Xxx,xx(ovw) - Xxy,xy(ova)) = 411 Z Sm)(ii,jj(0»(1))’

LJ
which are valid in the limit w — 0, from Egs. (37) and (39) one
immediately recovers Eq. (25). Notice that, since in a Galilean
invariant system m, is not renormalized by e-e interactions,
Eq. (25) is valid to all orders in the strength of e-e interactions,
and, therefore, at all frequencies (as long as o < €f).

The connection is much less straightforward in the case of
the 2D MDF liquid in graphene. Indeed, in a system with a
linear dispersion, the current operator is not proportional to the
momentum-density operator. Therefore Eq. (39) does not hold,
in general. This fact notwithstanding, we have found that in
the Fermi liquid regime Eq. (39) still holds in an approximate
sense and, therefore, to the level of accuracy we are interested
in, the microscopic and hydrodynamic approaches coincide.
The details of the argument are presented in Appendix A, but
the basic idea is quite simple. First of all, it is clear that at
sufficiently low frequency interband transitions are irrelevant
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and can be disregarded. Then it is clear that, within a narrow
band of energies around the Fermi level in the conduction
band, there is no qualitative difference between the linear
dispersion of MDFs and the linearized dispersion of ordinary
massive fermions: the two dispersions are indistinguishable if
the ordinary Schrodinger fermions are assigned the cyclotron
mass m. = kp/vp. We conclude that the equivalence of the
microscopic and hydrodynamic approaches carries over to
MDFs with the simple replacement of the effective mass by
the cyclotron effective mass.

IV. CALCULATION OF THE VISCOSITY IN
THE RELAXATION TIME APPROXIMATION

As we pointed out in Introduction, e-e interactions enter
the calculation of the viscosities quite differently in the
high-frequency (collisionless) and low-frequency (collisional)
regimes. In the high-frequency regime, the effect of the
interaction is perturbative, meaning that there would be no
viscosity without interactions creating a correlation between
the motions of adjacent parts of the liquid. In the low-frequency
regime, e-e interactions are nonperturbative as their primary
role is to establish a finite mean free path £, for electrons: this
mean free path would be infinite in the absence of interactions.
The problem is how to connect in a seamless way these two
very different regimes of e-e scattering. The relaxation time
approximation, summarized in Eq. (1), offers a simple and
physically motivated way to achieve this connection. The
derivation of these formulas closely parallels the derivation
given in Ref. [10] for Galilean invariant systems. Only a
minor adaptation is needed, namely the replacement of the
bare electron mass m by the cyclotron effective mass m,
as discussed in the previous section. We therefore refer the
reader to Ref. [10], where a detailed derivation of Egs. (1) is
provided, and we focus in this section on the calculation of
the inputs for Egs. (1), i.e., the high-frequency viscosities and
the corresponding relaxation times. An alternative derivation
of Eq. (1) is presented in Appendix B.

A. The high-frequency viscosities

To evaluate the transverse current-current response func-
tion, we adopt the (Hamann-Overhauser [35] or Schrieffer-
Wolff [36]) canonical transformation approach outlined in
Refs. [19-21]. First of all, we introduce a unitary transfor-
mation generated by a Hermitian operator ¥,

H = e'F (Mo + Heoe ¥, (41)

which cancels the e-e interaction from the transformed
Hamiltonian, i.e., we require 7' = T, to second order in the
dimensionless strength Olee of e-e interactions. The transfor-
mation £ =1+ F \ + F> + ... is determined order-by-order
in perturbation theory. Here, ]1 is the identity and F, is the
term of nth order in the strength of e-e interactions. As
shown in Refs. [19-21], to calculate the imaginary part of the
current-current response function in the limit vpg K @ <K 2¢y,
it is sufficient to determine F}, which satisfies the equality
[Ho,i Fi] = Hee. R

After carrying out the transformation F', the Kubo product
in Eq. (27) is reduced to the evaluation of a noninteracting
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response function ((A/,f?/))o,w. The subscript “0” here
means that the average (. . .) is now performed over the ground
state of the noninteracting system and that the time evolution
is generated by ’):[9. However, the operators A’ = e'f Ae~'F
and B’ = ¢'F Be™' are now dressed by e-¢ interactions. The
key idea is to realize that the calculation of Im|[y;, ,(q.®)]
to second order in the strength of e-e interactions and in
the limit vrg <K @ <K 2¢p requires only the knowledge of the

transformed current-density operator }; to first order [19-21],

. Y e} ~
Le, Jji4=1Jg+ Jig> Where

Jrg=lFL],. (42)

Thus, to second order in the strength of e-e interactions, and
for vpg K w K 2¢p, we get the following exact-eigenstate

J

d2 /
wingeon=- Y. [ 21 o /

o,f=x,y

+T(q.4)T (—q.¢)3m[x) (—q .)]3

In this equation, £ =L,T and x%(¢,0), Xj(o) (q,»), and

Xn]) (q,w) are the noninteracting density-density, current-
current, and density-current response functions of a 2D gas
of MDFs. The quantities {I"\"(q,q"); = x,y;£ = L, T} are
defined as

’o ”n
r{g.q) =" [qqu o _ (1 - q—)
6!)

q/2 kF 4k]2;
48,y + qya,y q”
x r }} T80 (49)
k]: 41)ka
and
2y / 7”2
x| 4y q q q
r(g.q) = F | D a9 () _ 95
« (q 1 ) w? q/z k}: k]: 4k12; '
22
q
———8y.x- 46
41)1:/(3 ( )

We stress that the imaginary parts of the three linear-response
functions x\9(q,w), X](O) (q,w), and Xno) (g,w) do not depend
on any ultraviolet cut-off in the low-energy MDF limit.
Moreover, since in the limit of w — O the integral over
¢’ is naturally restricted to 0 < ¢’ < 2kg, no ultraviolet
regularization is needed in Eq. (44). The only pathology of
the integral in Eq. (44) appears in the infrared ¢’ — 0 limit,
due to the 1/¢’ singularity of the Coulomb potential v, . This
problem s cured by screening, as we will further discuss below.

We observe that, contrary to what happens in a parabolic-
band electron gas, the matrix elements of Eqs. (45) and (46) do
not vanish in the limit ¢ — 0. The terms that remain finite are
due to broken Galilean invariance [24], i.e., due to the presence
of the valence band and, as noted in Ref. [19], are responsible
for a finite optical conductivity in the single-particle optical
gap @ < 2eg, which scales as ~w?. Being a conductivity, it
is conceptually wrong to include it in the viscosities, and
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(Lehmann) representation [4] of the current-current response
function

Smlxj,js(g-@)] = =7 Y (011 g.alm)(mlji 4 410)

X 8(w — Wpo).- (43)

The calculation of £ and }'1’ 4 1s carried out in Appendices C
and D.

Here we quote the final formula for the two components
(longitudinal and transverse) of the current-current response
function, exact to second order in e-e interactions and in the
large- Ny limit, which is

o ,
—{r(g.9"Ty (—q. — gH)3m[x 0 q" )]Sm[x ) (g0 — )]

m[xn (g0 — )]} (44)

(

therefore in what follows we neglect the terms of Egs. (45)
and (46) that do not vanish when g — 0, i.e., the last terms in
Egs. (45) and (46). By insisting in retaining these terms, we
would (wrongly) get diverging viscosities.

Such a finite optical conductivity below the 2er gap is
present only in the high-frequency limit (7! < o < 2¢F)
and is an effect beyond the Fermi liquid theory. Therefore
Eq. (16) does not need to be amended with the inclusion of a
finite conductivity in the low-frequency regime.

The collisionless limit itself is “by definition” outside the
Fermi-liquid regime, since the electronic excitations are not
restricted to live in a thin shell of thickness ~(kgT)?/er
around the Fermi surface. We stress that no Fermi liquid
assumption has been done in this section: even though the
excitations are close to the Fermi surface, their energy is
still w > Te_el ~ (kgT)? /er. Note also that one needs to
take into account the simultaneous excitations of two particle-
hole pairs at the Fermi surface, as our theory does, to find a
finite optical conductivity below the 2er gap. Such processes
are usually neglected in the Fermi-liquid theory, which
assumes that all electronic excitations are uncorrelated [4].
Contrary to one-particle processes, two-particle excitations are
not kinematically constrained (for zero momentum transfer) at
energies w > 2¢f, and can therefore contribute to the optical
conductivity below the 2¢p gap.

Equation (44) is the main result of this section. Note
that in the large-N; limit the second-order expression for
the imaginary part of the current-current response function
in Eq. (44) has the appealing form of a convolution of two
single-particle spectra [37]. The physical interpretation of
Eq. (44) is the following. Atlong wavelengths and to the lowest
nonvanishing order of perturbation theory, the spectrum of the
current-current correlator is dominated by the emission of two
correlated electron-hole pairs. Each of the Kubo products on
the right-hand side of Eq. (44) describes the rate of generation
of a single electron-hole pair. The spectral weight associated
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with the excitation of two particle-hole pairs with opposite
momenta and given total energy w is proportional to their
convolution.

We now sketch how to make analytical progress in the
evaluation of the current-current response function as from
Eq. (44). The integrals in Eq. (44) can be carried out
analytically with the help of known formulas for the response
functions [15]. We first observe that in the low-energy MDF
limit the system is translationally and rotationally invariant.
The current-current response function X/('S)i,s (q,w) is a rank-2
tensor that can be therefore decomposed acéording to Eq. (22).
In the same way, the density-current response function can be
seen to be equal to

~ q,
Smx (g w) = q—‘j%mx}fl(q’,w), 47)

where xj(.f,)l(q/,a)) is the noninteracting longitudinal-current-
density response function. Egs. (22) and (47) can be used to
perform analytically the angular integration in Eq. (44), which
reads
N dzq/ o do' 5 6]/2
Sm wl=| — —V,
gl = [ s /0 e
x {acSm[x (@' ]3m[ x5 V(' 0 — )]
+beSm[x (g )] 3m[x 7V (q" .0 — )]

[
+eSm[ x5 (g ]3m[ x5 (g0 = ]},

(43)
where
2 2 (27,2 2
veg” (4°/ ki —4)
= = 4
ar = dar o 30 ) (49)
, _ U’ 39" — 20kiq” + 44k
FT o 32k} ’
v2q2 (q/z/kz _ 2)2
by = £ -
= 3 : (50)
and, finally,
o U4’ 39" — 20kiq"” + 44k
Tt 32k} ’
, 2
R 2

To cure infrared divergences associated with the long-range
tail of the e-e interaction v, , we have evaluated the integral
over ¢’ in Eq. (48) by replacing v, with a statically-screened
Thomas-Fermi interaction, i.e., U;TF) =2me?/[e(q’ + grr)l.
Here, gtp = Npoteckp is the Thomas-Fermi screening wave
vector [8].

In the limit @ — 0, we can expand the imaginary part of
each response function x %, xfﬁ), xfo), and X;m in a power

JL

series of @', w — @' and retain only the leading order of
this expansion. The leading contribution to Im[x,(q,w)] in
Eq. (44) in powers of w in the limit @ — 0 can be extracted
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from the following asymptotic formulas:

4kt —q?
lim 3m[x Qg0 = —Ng~——— 52
P [X”" (q )] ! 2q’ 2w vé 2)
and
2k /
1im m["(q' )] = —N— e s (53)

q' /4](1% _ q/z 27TUF.

The imaginary parts of density-current and longitudinal
current-current response functions scale with higher powers
of @'. Indeed they can be derived from Eq. (52) according to
the formulas [4] m[x )(q".@)] = &'Im[xO(q'.@")]/q and
3mlxi (g 0] = & 3mx(q'\)/q".

Since the last two lines of Eq. (48) give a subleading contri-
bution, in the limit vpg < @ <K 2¢g, they can be disregarded.

Plugging Eq. (48) back into Eq. (25), we finally get

Noo = NAN(tee),

oo =0, (54)
where Ay, (0tee) = 2N¢a2, f (Nrotee), with

15x3 — 15x2 — 52x 4+ 42
2887
(5x* — 24x2 + 16)
B 967

Note that Ay, () is defined with an extra factor of 2/ Ny with
respect to Ref. [19], due to the factor mf in the definitions of
Eq. (25), which we chose to include in A, (¢ee). We underline
that the dependence on the strength of e-e interactions beyond
2., encoded in f(x), is due to the Thomas-Fermi screened
interaction introduced above which we used to regularize the
infrared behavior of the integrand in Eq. (48).

In Fig. 2, we show the high-frequency shear viscosity, as
defined in Eq. (54), in units of the carrier density n, and as
a function of the dimensionless parameter ¢. In the limit of
oee — 0, we find that

fx) =

arccoth(l +x).  (55)

Nt ,
Noo —> —ngaee In(oee). (56)

The extra logarithmic dependence on the coupling constant
of Eq. (56) is due to the Thomas-Fermi screening used in the

—. 0.8

I

S 0.6 i

X

— 0.4} .

<

=

< 0.2} i

8

= 0.0 ! ! ! !
0.0 0.5 1.0 1.5 2.0

ee

FIG. 2. The high-frequency shear viscosity 7., (in units of the
excess carrier density n) of the 2D MDF liquid in a doped graphene
sheet is plotted as a function of the dimensionless parameter o,
which defines the strength of e-e interactions. Note that the vertical
axis must be multiplied by a factor 1072
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calculation. For «ee >> 1, the Thomas-Fermi screened interac-
tion becomes independent of «.., and the high-frequency shear
viscosity tends to 1., — n/(9mw N¢).

B. The viscosity transport time

We now turn to the evaluation of the viscosity transport time
7y, which enters Eq. (1). This quantity can be estimated from
a diagrammatic calculation of the low-frequency viscosity.
Contrary to its high-frequency counterpart, the low-frequency
viscosity is a nonperturbative quantity, and cannot be cal-
culated by truncating the perturbative series of Feynman
diagrams to any finite order. It is thus necessary to sum an
infinite set of diagrams, to all orders in «... This requires (i)
that the Green’s functions are dressed by self-energy insertions
and (ii) that vertex corrections are included.

To bypass the tedious task of expanding the infinite series
of diagrams for the current-current response function to order
g?, and then take the limits shown in Eq. (25), we use the
definition of the shear viscosity given by Eq. (37), i.e.,

o = — lim ﬁ erm[x,-,,,-,w,w) - %x,»,; ,,(o,a»]. (57)
ij
The greatest advantage of using Eq. (57) is that the hydrody-
namic shear viscosity 7y can be extracted from the response
function x;; r¢(q,w) evaluated at ¢ = 0. Figure 3(a) shows the
general expression of the stress-stress linear response function
we calculate in what follows. The double solid lines represent
Green’s functions dressed by the self-energy insertion shown
in Fig. 3(b). The wavy line represents the dynamically screened
e-e interaction W(q,w). In the spirit of the large- Ny approx-
imation, the self-energy can be approximated with its GW
expression. This, in turn, implies that the screened interaction

bt

b)

k+7 ian + iUJ7rL

(a) k_.ic,

(0)
— —+ 1
©

FIG. 3. (a) The diagrammatic representation of the current-
current response function. The black filled circle represents the bare
vertex A®% (we suppress the momentum-energy dependence for
brevity), while the solid double lines are Green’s functions dressed
by the self-energy. In the large- N limit, it corresponds to the GW
self-energy, which is depicted in (b). Wavy lines represent the RPA
screened interaction W. Finally, the triangle represents the vertex
function A? which is dressed by e-e interactions and satisfies the
Bethe-Salpeter equation in (c). Note that the form of the irreducible
interaction / is uniquely determined by the choice of the self-energy,
provided that A satisfies the Ward identities [4] (see Fig. 4).
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FIG. 4. Feynman diagrams that contribute to the irreducible
interaction / in Fig. 3.

in Fig. 3(b) contains the usual RPA dynamical dielectric
function £(q,w). Herein lies our large- Ny approximation.

The black filled circle on the left side of Fig. 3(a) represents
the bare stress-tensor vertex

Fk,-sg),(k_,h) + kS8 (ke key)
> :

To account for vertex corrections, we need to dress one of the
two vertices in Fig. 3(a). The dressed vertex is marked as “A”
and it is required to satisfy the self-consistent Bethe-Salpeter
equation represented in Fig. 3(c). The choice of the quasiparti-
cle self-energy [Fig. 3(b)] and the requirement of fulfilling the
Ward identities uniquely determine the irreducible interaction
I. The diagrams that contribute to / are shown in Fig. 4.

The present calculation closely follows that reported in
Ref. [23], the main difference being that here we have
stress-tensor vertices in lieu of current vertices. Therefore the
calculation of Ref. [23] should be adapted to the present case.
These changes are explained in detail in Appendix E. Here,
we briefly summarize the procedure we adopted to solve the
problem posed by the diagrams in Figs. 3 and 4.

As explained above, the choice of working with the stress-
stress response function allows us to avoid the expansion of
the Bethe-Salpeter equation for the current vertex to order g°.
We therefore set ¢ = 0 from the very beginning of the present
calculation. In what follows we focus on the imaginary part of
the stress-stress response function, which is the quantity that
controls the low-frequency viscosity [recall Eq. (57)]. Taking
the low-frequency and low-temperature limits, it becomes
evident that only the states in a narrow region of size ~kgT
around the Fermi surface give a significant contribution to the
imaginary part of stress-stress response function. Moreover,
in the limit w, regl <« 2¢p, whenever a product of two Green’s
functions with the same momentum argument appears, one
of the two must be considered as retarded and the other
as advanced (schematically, we get products of the form
G®WG®), Terms containing products of two retarded or two
advanced Green’s functions are responsible for subleading
contributions in the limit g7 3> 1. Finally, in the spirit of
the theory of normal Fermi liquids, each product GAG® is
approximated by a é function, i.e., the incoherent part of each
Fermi-liquid Green’s function is neglected and we retain only
its singular part. This corresponds to the so-called “quasipar-
ticle approximation,” which is usually done in time-dependent
perturbation theory to derive the Boltzmann transport equation
from the Keldysh equation for the Green’s function. Therefore,
our theory describes the transport of momentum in the
“semiclassical” regime, and neglects all quantum effects.

The set of approximations described above allows us to
dramatically simplify the expression of the Bethe-Salpeter
equation. The latter can be then solved analytically with the

AY ke K) = v (58)
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ansatz [38] (suppressing all the frequency and momentum
dependencies) A = y A®. In this way we require the dressed
vertex to be proportional to the bare one. The Bethe-Salpeter
equation becomes an algebraic equation, which can be solved
analytically. We get

w + i/Tee
== 59
v =— i/ (39
The expression for t, reads (see also Appendix E)
1 2 oo 1 —npl g —w) [T
—_— dop—————— dqq
Ty 2m)* J oo 1 —exp(=Bw) Jo
2
v,
x | ——t—| Smlx (q.0.T)] A1 (k.q.0)
e(q.0,T)
2 2.2 2_ 2.2
xa| 1o LD N DO g
4k(k — w/vp) | 2k(k — w/vE)
where
4(k — w/vE)
Ay =

oy 12k — /v = g?1(g? — @/13)

=t
g [ A
4k(k — »/vp)

x Of[(2k — o/vr)* — ¢°1(¢* — ©*/v})}. (61)

Equation (60) describes the scattering of a quasiparticle with
momentum k = kgX and energy equal to the Fermi energy
into a quasiparticle with momentum |k 4 q| = kg. In this
process, the whole Fermi liquid is excited. The many-particle
excitations created during the scattering event are encoded in
the imaginary part of the density-density response function
Im[x9(g,w,T)]. The last line of Eq. (60) can be shown to
be proportional to 1 — cos*(¢k+4) [see Appendix E—to get
Eq. (60) an integration over the angle of g has been performed].
At low temperature and in the limit of e — O the shear

viscosity becomes
2
no o h—'; <S—F) . (62)
(028 kBT

Note that the matrix element 1 — cosz(gokﬂ) vanishes when
k + q 1is either parallel or antiparallel to k (recall that k is
along the X direction), and it is maximum for excitations for
which k + ¢ is perpendicular to k. Therefore it suppresses
the contribution coming from the region of small transferred
momenta g ~ 0, which is responsible for the logarithmic-in-
temperatures correction to the quasiparticle lifetime. Indeed,
at low temperature 1/7.. o« —T2In(T'), with a coefficient of
proportionality which is independent of the coupling constant
oee (see Ref. [5] for more details). Therefore, because of the
presence of the matrix element 1 — cos?(ggq), 1/7y o T2,
and the coefficient of proportionality depends on .

Note also that, since the derivation of the viscosity
transport time does not rely on the linear band dispersion
of MDFs, a similar conclusion can be drawn for a Galilean
invariant parabolic-band 2D electron gas. Also in the latter
case there is no logarithmic-in-temperature correction to the
low-temperature behavior of 7,. Indeed, the matrix element
suppresses both the regions g ~ 0 (forward scattering) and
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q ~ 2kg (perfect backscattering), which are responsible for
the aforementioned correction [4].

Finally, it is possible to extrapolate Eq. (62) to the undoped
regime. In this regime, the Fermi energy is proportional to
the temperature, while the density, being proportional to &2,
becomes proportional to the temperature squared. Therefore,
apart from numerical factors,

kT \*
nOlundoped CX( 2 ) s (63)

Oee

which coincides with the power law reported in Ref. [11].

V. RESULTS AND CONCLUSIONS

In Fig. 5(a), we illustrate the carrier density dependence
of the low-frequency kinematic viscosity vy = no/(nm.) of
a 2D MDF liquid in a doped graphene sheet. We show three
curves corresponding to different values of temperature T, i.e.,
T = 150, 200, and 270 K. Data in this plot have been obtained
by setting aee = 0.5. In Fig. 5(b), we plot the same quantity
but viewed as a function of temperature 7 (in units of K), for
an excess carrier density n = 0.4 x 10'2 ¢cm~2. In the inset,
we also show a logarithmic plot of vy, and we compare it with
the power laws 72 and T—3/2. While the kinematic viscosity
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3 0.20F ——- 7970k
5 0.15 | ]
010 Foeerrerr
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FIG. 5. (a) shows the low-frequency kinematic viscosity vy =
no/(nm,) of a 2D MDF liquid (in units of m?/s) as a function of the
excess carrier density 7 (in units of 10'2 cm~2). The three curves refer
to different values of the temperature, i.e., 7 = 150, 200, and 270 K.
In this plot, «ee = 0.5. Note that in the range of densities shown in this
plot the temperature is always smaller than 7 = eg/kg. This, in turn,
implies that the low-temperature approximation (7 <« Tf) for 1 /7, in
Eq. (60) is valid. Indeed, the minimum Fermi temperature in this plot,
corresponding to n = 0.2 x 10'2 cm~2, is Ty =~ 605 K. Therefore, in
this plot, 7/ T < 0.45. (b) The low-frequency kinematic viscosity is
shown as a function of temperature 7' (in units of K) for an excess
carrier density n = 0.4 x 10'2 cm~2 (corresponding to Ty =~ 855 K).
Inset: a logarithmic plot of v in the same range of temperatures as in
the main panel. Note that vy grows like T2 for T < Tg. A crossover
to a different power law, ~T~3/2, is evident as temperature increases
beyond the 7 < T regime.

125410-11



PRINCIPI, VIGNALE, CARREGA, AND POLINI

0.14 T T T T
0.12 n=0.2 x10" cm* — T=150 K4
-1\ == T=200 K
@ 0.10 o e
~  0.08 b~ T=270K |
£ 0.06 |
3 0.04 -
0.02 S (a) A
0.00 ] == =
0.00 0.05 0.10 0.15 020 025 0.30
w/ep
0.18 ‘ ‘
0.16 _ 12 -2 — T=150 K-
— 0.14 n=0.5x10"cm—~ 900 K |
~ 0.12 === I'=270K |
~_ 0.10 i
£ 0.08 ]
2 0.06 i
0.04 i
0.02 (b)
0.00 o n - -
0.00 0.10 0.15 020 025 0.30
w/ep
020 n=10x10"% cm®> gi;zgii
= 015 -—- T;270K’
£ 0.10 )
" 0.05} .
(c)
0.00 : ‘ L L
0.00 0.05 0.10 0.15 020 025 0.30

w/ep

FIG. 6. (a)shows the kinematic viscosity v,, = 1,,/(nm.) (in units
of m?/s) of the 2D MDF liquid in a doped graphene sheet—Eq. (1)—
as a function of w (in units of the Fermi energy ¢g). In this plot, we
set n = 0.2 x 10" cm™2, aee = 0.5, and we show results for three
different temperatures: 7 = 150, 200, and 270 K. All the curves tend
to the finite (albeit small) value at large @, whose magnitude can be
extracted from Fig. 2. In this plot, we subtracted the “conductivity
term” proportional to By, («..) from the definition of 7., given in
Eq. (54). (b) Same as in panel a) but for n = 0.5 x 10> cm™2.
(c) Same as in (a) and (b) but for n = 1.0 x 102 cm™2.

goes as T2 for very small temperatures, we find that it goes
as T~3/2 for the larger temperatures shown in Fig. 5(b). Note
that the kinematic viscosity of the 2D MDF liquid in graphene
is much higher than that of classical fluids [1].

In Fig. 6, we illustrate the frequency dependence of the
kinematic viscosity v,, = n,,/(nm.) of the 2D MDF liquid in
a doped graphene sheet. The quantity n,, is defined in Eq. (1).
We remind the reader that w here represents the frequency of
the external perturbation. In Fig. 6(a), we fix the excess carrier
density n = 0.2 x 10'> cm~2, the coupling constant e = 0.5,
and we show three curves for T = 150, 200, and 270 K.
In Figs. 6(b) and 6(c), we fix instead the carrier density at
n=0.5x 102 cm~? and n = 10'?> cm~2. Figure 6 shows that
viscosity corrections to the lifetime of plasmons in the high-
frequency (e.g., mid infrared) regime are totally negligible.
However, when the plasmon frequency is in the terahertz (THz)
spectral region [w/er < 0.1 in Figs. 6(a)-6(c)] the viscosity of
the electron liquid leads to corrections [39] to the plasmon life-
time that may be comparable to those due to electron-impurity
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[20] and electron-phonon scattering [21,40]. Therefore a
careful comparison between measurements of the lifetime
of THz plasmons in high-quality graphene samples and
theoretical predictions can be used to extract the value of v,,.

In summary, we have calculated (i) the high-frequency
bulk and shear viscosities—Eq. (54)—and (ii) the viscosity
transport time—Eq. (60)—of the two-dimensional massless
Dirac fermion liquid in a doped graphene sheet, as solely
due to electron-electron interactions. As expected, the bulk
viscosity vanishes. The shear viscosity is instead finite and is
proportional to the excess carrier density of the doped system.
Note that, since the bulk viscosity vanishes, the high-frequency
shear viscosity 7., can be directly estimated by measuring the
lifetime of Dirac plasmons [15] in high-quality encapsulated
graphene sheets [40], by carrying out similar experiments in
the terahertz spectral range. Finally, from the knowledge of the
high-frequency values of the shear viscosity and modulus, and
of the viscosity transport time, we extracted the shear viscosity
1, at all frequencies, using the interpolation formula given by
Eq. (1) and derived in Appendix B.

The low-frequency shear viscosity is equal to the high-
frequency shear modulus So, = nep/4 multiplied by a “vis-
cosity transport time” 7, which we microscopically calculated
in this paper. We showed that t, is both quantitatively and
qualitatively different from the quasiparticle lifetime [5,6] Tee.
Indeed, in the low-temperature limit, 1/7.. oc —T2 In(T/ Tf),
and the coefficient of proportionality is independent of the
coupling constant «.. (as shown in detail in Ref. [5]).
Conversely, we proved that 1/7, o« T? and that it depends on
aee. Excitations in which a quasiparticle is scattered at 90° with
respect to its initial direction of motion are responsible for the
dominant contribution to the (shear) viscosity transport time.
This is reflected by a matrix element in the expression of 1/,
which suppresses the contributions due to both the forward
scattering and perfect backscattering of the quasiparticle (i.e.,
the perfectly longitudinal channels). The same matrix element
is expected to show up in the expression for the viscosity
transport time of a Galilean invariant (parabolic band) two-
dimensional electron gas. Therefore, also in the latter case, we
expect 1/1, oc T? for T < T.
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APPENDIX A: THE EQUIVALENCE OF HYDRODYNAMIC
AND MICROSCOPIC APPROACHES IN THE FERMI
LIQUID REGIME

In this appendix, we demonstrate the equivalence of
hydrodynamic and microscopic approaches for the 2D MDF
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liquid in a doped graphene sheet, in the low-temperature Fermi
liquid regime. To this aim, let us focus on the noninteracting
equation of motion for the current operator

i jg.i = [Hosjg.i

2 4 .2 0 »
= —Vpqiftg — 2ivg Z wl];fq/Z,a(k X O ap)Vktq/2.p-
k,ap

(AD)

We remind the reader that we are interested in calculating the
current-current response functions to order ¢2, in order to take
the limits of Eq. (25). This in turn implies that we can retain
only the term of order ¢ of Eq. (Al), and replace the first
term on its right-hand side with g;7i;, — gifig—9. Since fig—g
is the total number of particles, it is exactly conserved by any
microscopic process, and therefore does not contribute to any
linear response function. Thus, we neglect it in what follows.
We now use the fact that we are interested only in the states
in conduction band around the Fermi surface. After a rotation
of the second term on the right-hand side of Eq. (A1) to the
chiral basis, we retain only the states that have chiral indices
A = A" = +. We thus get

Bujgi = —208 ) Ch_gn sk X D)Chiga s
k

x SE.(k —q/2.k +q/2), (A2)

where Sf\i),(k,k/) is defined in Eq. (13). Its approximate
expression valid in the continuum limit and at the Fermi surface
is given in Eq. (14). Using the following vectorial identity

(k x 2)i[2-(q x k)] =F xk)-(q x k)
= qilk|* — ki(q - k),

which holds since k,q and #; = (%, y); are 2D in-plane vectors,
to O(q?) we get

10 Jg.i = _ch+ck+

(A3)

k(q k)

+ V301 Y kg Chera /ot (A4)

k

The term on the second line is proportional to the total number
of particles in the conduction band. At low frequencies, since
interband processes are strongly suppressed, the number of
particles in each band is conserved. Therefore such a term does
not contribute to the response functions and can be neglected.
On the other hand, in Eq. (14), we noted that the matrix
elements of the current, when projected at the Fermi surface,
read Sﬁl(k,k) = k; / kp. Therefore Eq. (A4) can be rewritten
as

o — vpq; kiSY) (k. k) + k; S(’)(kk)
i0;jg.i = — ch+k+ £ >

(AS5)

Since (i) we always consider states around the Fermi surface,
(ii)) we do not allow interband transitions, and (iii) we use
the equation of motion to order ¢, after a rotation back to the
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pseudospin basis, we can rewrite Eq. (AS) as

o VEqj ~t ka +kO’ﬁA
0 jg,i = T Z ‘/’qu/zaf
¢ kap

k+q/2.8-

(A6)

The quantity on the right-hand side is exactly the bare
stress tensor operator of Eq. (31). Using Eq. (A6), we can
derive the analogous of Eq. (39) for an MDF liquid and
prove the equivalence of the two approaches [although in the
approximate sense explained after Eq. (AS)].

APPENDIX B: THE GENERALIZED RELAXATION
TIME APPROXIMATION

The generalized relaxation time approximation (GRTA)
offers a simple and powerful way to interpolate between the
collisionless and the collisional regimes of linear response
functions. This theory has its roots in Mermin’s work on the
density-density response function of the electron gas [41], but
it is applicable to a broader class of response functions and
problems. The classic derivation is from the solution of the
Boltzmann equation with a collision integral that describes
relaxation towards a local equilibrium distribution function.

A local equilibrium distribution function (LEDF) has the
same form as the equilibrium distribution function (a function
of constants of the motion) but is evaluated at the local values of
the densities of the conserved quantities. Thus, in the presence
of impurity scattering, the LEDF depends on a local chemical
potential and a local temperature, determined by the local
particle density and energy density respectively. Momentum
is not conserved, and therefore the LEDF has zero average
momentum. This is the situation considered in Mermin’s
original paper. On the other hand, if impurity scattering is
absent or negligible on the time scale of particle-particle
collisions, then the LEDF depends also on a local drift velocity,
determined by the local momentum density.

Regardless of whether electron-impurity collisions or
electron-electron interactions dominate (we assume that it is
always either one or the other), one can distinguish between
(i) a collisionless regime in which the frequency of the
macroscopic motion is much higher than the collision rate,
and (ii) a collisional regime in which the frequency of the
macroscopic motion is much lower than the collision rate.

When electron-impurity collisions dominate, the collisional
regime is referred to as diffusive regime; in this regime, there
is a direct proportionality between the current and the gradient
of the density. Similarly, when electron-electron collisions
dominate, the collisional regime is referred to as hydrodynamic
regime; in this regime, there is a direct proportionality between
the stress tensor and the gradient of the velocity field.

In the diffusive regime, a drift velocity can only arise
from the deviation of the distribution function from the
LEDF, whereas in the hydrodynamic regime a drift velocity is
already present in the LEDF. The diffusive regime is therefore
intrinsically limited to drift velocities that are small relative to
the Fermi velocity—it is basically a linear theory of drift.
Whereas the hydrodynamic regime is suitable to describe
large drift velocities, which cannot be treated in the linear
approximation.
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Let us formulate the general theory of the GRTA for a
generic response function x(q,»). We define the relaxation
function K (gq,w) as follows [42]:

x(q,0) = x(q,0)[1 +iwK(g,w)]. (B1)

Since we will always be working at small ¢ (¢ < kp), the g
dependence of x(g,0) will be ignored: x(q,0) =~ xo. Here, xo
is (minus) the density of state of quasiparticles, and is thus
renormalized by electron-electron interactions. The relaxation
function can further be expressed in terms of a generalized
frequency- and wave vector-dependent relaxation time 7'(q,®)
for the quantity under consideration. Its general structure is

1

K(g,0) = —

1 (B2)
—lo+ 755

This form guarantees that the finite frequency response
function x(q,w) vanishes if the generalized relaxation time T
isinfinite, i.e.,, if the quantity under consideration is conserved.
From Egs. (B1) and (B2), it is indeed immediate to get

X0
1 —iwT(q,w)’

Itis essential to realize that T (g ,w) is the lifetime of a collective
mode (say a density fluctuation) and as such is conceptually
different from the microscopic scattering times (quasiparticle
lifetime and transport lifetime) upon which it may depend. In
fact, we will see that the form of 7' (¢,®) depends crucially on
the nature of the response function under study.

Let us now introduce the “high-frequency” response func-
tion xoo(q,w). The latter includes electron-electron interac-
tions only to the extent of renormalizing the Fermi liquid
parameters. Thus the quasiparticle lifetime and all the transport
times, whether they be due to electron-electron, electron impu-
rity, or electron-phonon collisions, are assumed to be infinite:
we are in the collisionless regime. The associated “high-
frequency” relaxation function will be denoted by Ko.(q,w).
We posit that the relation between the full interacting relaxation
function and the “high-frequency” one has the following form:

1 1
K(q.®)  Ku(g.0+1)

The underlying physical idea is that the replacement w —
w + i/t accounts for self-energy corrections, while V;(q,w)
accounts for vertex corrections. It is well known that the two
corrections 1/t and V; are not independent of each other,
however. They must be chosen consistently, in order to satisfy
the relevant conservation laws. In the following sections, we
consider the case of the density response in both disorder and
clean systems. Therefore all the response functions that appear
in what follows should be regarded as density-density ones (we
suppress their indices for brevity).

x(g,w) = (B3)

—Vi(q.0). (B4)

1. GRTA in a disordered system

Let us first apply the theory developed so far to a system
in which the dominant mechanism is the electron-impurity
scattering. Since the only conserved quantity is the particle
number, we now consider the relaxation function of density
fluctuations. At ¢ =0 and finite frequency w, both the
collisionless and the collisional relaxation functions must
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tend to (—iw)~! to ensure the vanishing of the corresponding
collisionlesss and collisional density response functions [see
Eq. (B1)], which is required by the conservation of particle
number. Thus, we have K_'(0,0) = K~'(0,w) = —iw. For
this to be compatible with Eq. (B4), we must choose V., (0,w) =
1/7. The inverse density-density response function, as calcu-
lated from Eq. (B1), reads

1 1 iw K(q,w)

_ Ll o Kgo) (BS)
x(g,®)  xo  xol+iwK(q,)
Substituting in Eq. (B5) the ansatz (B4), we get
11w Koo(g.0+ L)
X@.®) X0 xol+ilo+iVe(g.olKa(g.o+ L)
(B6)

At the same time, taking the limit T — oo in Eq. (B5), and
replacing w — w +i/t, we have

1
Xoo(q. 0+ £)
zi_i(a)—i-%) | Koo({],w+f) 37
X0 X0 1+l(w+i—)Koo(q,w+%)

Combining Egs. (B6) and (B7), we finally get

1 1 w X0
= —+ - — — 1
x(q.®)  Xo (w—l—;—))(o(xoo(q,w—i—%) )

) [l ) ,-[vf(ffz . D <Xoo<qii+ %)_1)}“_

(B8)

Setting now V. (g,w) = 1/t (which amounts to neglecting the
q dependence of the vertex correction), we get

I L
xq.0)  (0+L)x  (0+L) xelg.0+ L)
which is precisely the Mermin’s formula for the density-
density response function [41]. In a Galilean-invariant electron
gas in the diffusive regime,

1 <1 iw )
x(q.0) ~ Xo D.q*)’
where D; = —Dy1/(x0) is the diffusion constant, D,, is the
renormalized Drude weight (n/m for the two-dimensional
electron gas or kpvg/h for massless Dirac fermions), and we
have used the w — 0 diffusive form of the density-density
response function xo(q,w +i/7) =~ —Dyq’t>.

However, it is well known that the transport relaxation time
appearing in the diffusion constant, commonly denoted by t;,
differs from the self-energy relaxation time t (quasiparticle
lifetime). The conservation of particle number, as implemented
in the g-independent vertex correction, is not sufficient to
produce the correct transport relaxation time. To capture
the difference between t and t,, we must allow for the
g-dependence of the vertex correction in our Ansatz (B4).

., (B9

(B10)
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Namely, we set

1 -

Velg.0) = — + D.q*. (B11)
The coefficient D, has the dimensions of a diffusion constant
and its value is determined by the requirement that the final
formula for x(g,w) has a diffusive limit with the correct
relaxation time, i.e., 7. With the choice (B11) for the vertex
correction our Eq. (B8) gives

1 1 iw 1

x(@.w) ~ xo  xo(D:— Do)g*
It is evident from this result that we obtain the correct diffusive
limit if and only if

(B12)

D, = D,(l - —). (B13)
T
Thus the coefficient D, in the vertex correction is simply
the difference between the “naive” diffusion constant and
the “true” diffusion constant, in which t is replaced by the
transport lifetime 7.

2. GRTA in a clean system

We now discuss the case of a clean Galilean-invariant
system in the so-called “hydrodynamic regime,” in which
the main mechanism of quasiparticle relaxation is given
by electron-electron interactions. Replacing t — 7., from
Eq. (BY), we get the “naive” diffusion constant

p D!

_ B14
X0 l(w+1’—) B14)

However, since electron-electron collisions conserve the total
momentum the frue diffusion constant must be divergent in
the limit of w — 0, i.e., it must be

Dy 1
Dy=——, (B15)
Xo lw
Therefore the role of D; is played by
- Dy 1
D; =D; — Dy = — (B16)

X0Tee C!)(C() + rl:) ’

Substituting this in Eq. (B11) for the g-dependent vertex
correction, and then putting this vertex correction in Eq. (BS),
we get

1
x(q,)
1 w 1 1
= -_— + - - — —
X0 (0+) <xoo(q,w+ =) Xo)
-1
1+ tiqz/(?)tze:e) 1 : _i
(@+L) [aelgot+L) X0

(B17)

This expression can be further simplified by using the fact that
i Dwq®

xoo<q,w+— ~ v (B18)

m> o+ L)
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Then simple algebraic manipulations give us

2
1 1 w 1 1
=+ i iy |
x(g,®)  xo o+ ) | xolg0+5) X0

(B19)

where we have dropped a term proportional to x 2, which is
negligible for small g.

To make a clearer connection with the solution of the
Boltzmann equation in the relaxation time approximation, we
rewrite

2
w _ w 10/ Tee
o+rs) ot (0+L)

Tee

1) iw Dywq?
= — — > - 5. (B20)
o+ lee TeeDWq (w + l/Tee)

The first term reproduces the Mermin formula, and the
second term is the correction required to ensure momentum
conservation:

i

1 L » 1
(0+ TL) Xoo(q,00 + TL)

x(q.0) (04 ) xo
iw

__® B21

Tee Dwq? ®2D)

To extract the hydrodynamic coefficients from Eq. (B21),
we now observe that

| o B 2\ So(@)
@@ Do [7 * <2_ E) n? ] (B22)

where the bulk modulus B is real, frequency-independent,
and related to xo by the well-known compressibility sum rule

I’l2

X0 = —75"»

B (B23)

while Soo(w) = Ss — iwns is the complex shear modulus.
Plugging Eqs. (B22) and (B23) into Eq. (B21), we get, after
some algebra,

1 o B  (,_2 o Solw)
x(q.0) ~ Dyg? n? d)ow+i/t. n* |
(B24)

This expression can be directly compared with what one
obtains from the inversion of Egs. (20) and (21). The only
problem is that it still contains the electron-electron lifetime
7. instead of the physically correct viscosity relaxation time
7y. This discrepancy is a consequence of the ansatz (B11)
for the vertex correction. We can show that the replacement
of 7., by 7, is effect of the inclusion of an additional term
proportional to g* on the right hand side of Eq. (B11). Just as
the inclusion of the g2 term in the vertex correction guaranteed
the correct behavior of the momentum relaxation time, the
inclusion of the ¢* term enacts the replacement of 7., by T,.
With this replacement, it is at last straightforward to identify
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the frequency-dependent generalized bulk and shear moduli as

BU)ZB(XM
~ w
_—Soo
w+i/ty

Y, =
Separating the real and the imaginary parts of these complex
coefficients we arrive at the expressions in agreement with
Eq. (1).

APPENDIX C: CALCULATION OF F; AND j,

(B25)

The operator I | was calculated in Ref. [19] and reads
qu Z Z My (k, k.q"
q kK AN i
X Ch yChe K (C1)
where
Dy (k_ .k )Dyy (K, k)

/ /
Mok k' q") =
Ek_ — Ekp M T EK

. (C2)
&k

To simplify the notation, we have introduced k. = k £ q'/2
and k', = k' £q'/2. )

The transverse component of the operator j, , is obtained
from its definition of Eq. (42). After some manipulations, along
the lines of Ref. [19], we get

A 1 (
JigT = z;vq T )”—q +”q’T ] (C3)

where

<~(T) N N
Tq,q’ = Z MA,)J(k7q/aq)ckifq/z’)hck++q/2,)\’7
kA0

(C4)

with

M. (k.q'.q)
D, (k_ . %,k+ - %)S(") (k+

@+ Ek, g2 0 — 8k+—q/2,p

q
T +1)
++2

R e e Tt

@+ Ek_+4q/2,p — Ek_—q/2,)

(C5)

We stress that Eqs. (C3)—(C5) are valid only for their use in
Eq. (43), and become exact in the low-energy MDF continuum

Smlxelg.o) = — Y / S /

o,f=x,y

J

+T0(q.4)Ty (—q.¢)3m[x\) (—q".0)]3

In this equation, X(O)(q W), X; i ;ﬁ (q,w), and Xn])(q w) are the
noninteracting density-density, current-current, and density-
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limit, which will be taken momentarily. The same limit restores
rotational invariance: we therefore have the freedom of fixing
the direction of the wave vector ¢ arbitrarily. In deriving these
equations, we have taken, without any loss of generality, g =
q ¥ which implies that jj ;1 = Ji 4.1

Following the same steps outlined in Ref. [19]. it is possible
to show that the operator in Eq. (C4) can be written as (the
details of this derivation are given in Appendix D)

?(T)_Z VFq %/cq; ;o 1_‘1_/2
‘Iqq'_a:x g 602/(]: q/2 9o 4k1%
q/2 R
—aax .
dupk }]"’
= > T@.9)ga (C6)

a=x,y

X (qr8a,y + q;sa,y)} +

The main differences between Eq. (C6) and the corresponding
expression that can be found for a 2DEG [37] are: (i) the
factor 1 — ¢’?/ (4k ), which is due to the chirality of the MDF
eigenstates and suppresses backscattering at the Fermi surface
[19], and (ii) the last term in curly brackets, which is finite
even in the long-wavelength ¢ — 0 limit [19].

For a sake of completeness we recall [19] that the first-
order correction to the longitudinal current operator is formally
identical to Eq. (C3), with the longitudinal counterpart [?;L;,]

of the operator T;,T;, taking its place. We recall that ?;%;/ is
also proportional to the untransformed current operator, i.e.,

(L 2
T;’;, = ey L8(q.9) Jg o> Where

/ n
L) n _ UF4x qy ‘Za qx q
Iy'(q.9) = o |: 2 kg ZE - 42 Sar.x

q/2

4vp )

kgaax

After the change of variables ¢’ — —¢’ in the second term
on the rlght -hand side of Eq. (C3), the latter can be rewritten
as q - ] g = Zq, vq/T ,n_q A major simplification is sug-
gested by the analysis of the Feynman graphs contributing to
the noninteracting spectrum of § - J 1,¢- As shown in Ref. [19],
the disconnected graphs contain two independent sums over
the number Ny of fermion flavors, whereas the connected ones
contain only one such sum. We conclude that the disconnected
graphs dominate in the large-N; limit. The final formula
for the two components (longitudinal and transverse) of the
current-current response function, which is exact to second
order in e-e interactions and in the large- Ny limit, is

- {F“)(qq)F“)( —q, — ¢)3m[x\W(q" ) ]3m[x ()} (g0 — )]

m[ X (g0 — ]}, (C8)

(

current response functions of a 2D gas of MDFs. The quantities
{r'9q.q");o = x,y;£ = L, T} are defined in Egs. (C6) and
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(CT7). We stress that the imaginary parts of the three linear- APPENDIX D: DETAILS OF THE
response functions x9(q,w), X;O) (q,w), and Xno) (q,w) do MANIPULATION OF Tf;,

not depend on any ultraviolet cut-off in the low-energy MDF
limit. Moreover, since in the limit of w — 0 the integral
over ¢’ is naturally restricted to 0 < ¢’ < 2k, no ultraviolet
regularization is needed in Eq. (C8). The only pathology of
the integral in Eq. (C8) appears in the infrared ¢’ — 0 limit,
due to the 1/¢’ singularity of the Coulomb potential v, . This

In this appendix, we approximate the expression of the
operator T(T;, in Egs. (C4) and (C5) by taking the limit vpg <K
w K 2¢p. We will try to slowly guide the reader through the
many steps of this lengthy process.

To begin with, in the long-wavelength ¢ — 0 limit, we can

it
problem is cured by screening, as discussed in the main text. wite
J
1 1 q Beki) 1 )
— 6y, (— -— + (I = 680) ——— + Og"). (D)
W+ Eky1q/2,0. — Eka—q/2,p "\ w 2 9k w + 2\eE

We then observe that in the regime of interest in this paper, i.e., vpg <K 0 K 2¢p, the particle-hole states created by the
operator 'f”f;, are energetically close to the Fermi energy. The band indices A,A’ on the right-hand side of Eq. (C5) are therefore
constrained to take the values A = A’ = +1 (recall that eg > 0).

Note that the “virtual state” p, over which the sum on the right-hand side of Eq. (CS5) runs, can be either in conduction
(p = +1) or valence (p = —1) band, even though the states labeled by the band indices A and A" are bound to the Fermi surface.

We first simplify Egs. (C4) and (C5) by using Eq. (D1). We are naturally led to define

Ok_—q/2 — Ok, — 1
Mintra(kvq/»q) = M++(kvq/3q)|p:+l = COos (M) COS(9 )[_ - a)Lq S]n(9k+)]

% — 6 1
— cos [ Xte/2Thita)2 cos(@x )| — — bl sin(@x) | + O(g?) (D2)
2 0 W

and

1 Ok —arn — Ok, — O, — 7]
M) = Mos(hg ), =~ sin (M) sin (M)
EF

p=—l - 2 2
1 (9k+q/2 - 9k++q/2) in <9kq/z + Ok_1q,2

B 2
+ 5, sin 5 2 > + O(@q"), (D3)

so that in the limit vpg K @ K 2¢p, we have

M++(kaq,7q) = Minlra(k7q,7q) + Minter(k7q/vq)' (D4)

In writing Eq. (D3), we have taken the limit @ — 0 in the second term on the right-hand side of Eq. (D1). Moreover, in obtaining
Eq. (D2), we have used that

6. _ 6
cos (W) = cos(6h,) + O ©3)
and
881&9L .
— Avpsin(fg, ). (D6)
ok,

The last equation becomes exact for k close to the K point of the BZ and therefore in the low-energy MDF limit.
Clearly we can carry out further approximations, relying on the fact that we are interested in the low-energy MDF limit.
Equation (D2) can be further simplified by noting that

0 -0 Ok —qn — 6 0 Or. \ 06
cos (—kiq/z 5 k+iq/2> = cos (—k 9/2 5 k++q/2) — %Sin (—k 3 > 81? + O(g?), (D7)

which leads to

M intra = D)

q A[sin(6x ) — sin(6r )] . (6 — Ok, )
+ o ok sin ( 5 > + O(g?). (DY)

cos(0k, ) — cos(by_) cos <0k_q/z — Ok, 1q2
w

) + g[cos(Hk_) sin(fx_) — cos(Ok, ) sin(bg, )] cos (@)
W
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In the first term on the right-hand side of Eq. (D8), we can approximate

cos(6k,) — cos(Ox ) = =

while the second term on the right-hand side of Eq. (D8) becomes

. . Ok — Ok
[cos(6k_) sin(6k_) — cos(6g, ) sin(bg, )] cos (T*>

q/
X D9
s (D9)

keqy + kyq, <9k — 9k+> [q; cos(B,) +cos(Bkx_ ) . sin(bk,) + sin(ek)] <9k — 9k+>
= — cos - —| = + = cos| ————

k2 kg

2 kg 2

2

q 4y . (O + Ok, qy Ok + 6k,
—_(1- G TN Ty g (T | D10
( 4k2) [kp m( 2 t e O 2 (D10)

Finally, the derivative in the third term on the right-hand side
of Eq. (D8) reduces to

d[sin(G_) — sin(6x_)]
N
ok, ok,
Introducing Eq. (DS8), approximated according to
Egs. (D9)—(D11), back into Eq. (C4) we get the “intraband”
contribution to the operator ’?‘f;,, which reads

2
?(T,imru) _ qu)/c A _ VFq 1 — i
9 = ata’ =" 2 4k

I

!
A qy »
X (Z_;thy + k_;lq
We remind the reader that, without loss of generality, we have
taken ¢ = ¢ y. Here we used that }'q = Vg6, close to the K
point of the BZ.

We now consider Eq. (D3). Steps similar to what summa-

rized above for the intraband contribution to f{fé, yield

_ 3(gy/ k)

—0. (DI

)] + O(@g%. (D12)

1. . . Ok — Ok,
Minier = g[sm(ka) — sin(fg, )] sin B —
F

1 O, —06 6 6
= —sin? | TR ) cos [ ke + O,
EF 2 2

(x)
= Fk3$/\/\,(k_,k+)
Once Eq. (D13) is introduced into Eq. (C4), it gives the

“interband” contribution to the operator T;Tq s

(D13)

2
,?(T,inter) _ q/

, = D14
2.9 41}1:](13; ( )

Jox +0@).

Again, we used the fact that J ¢ = UG 4 close to the K point
of the BZ.
Summing Egs. (D12) and (D14), we finally get

T _ VR, o
T = e e + Vg (D15)
with
o Vrqg C]Q q. » q; 2 6]'2 2
Y =——|1- 2o+ o | ——=Js .
q.9 w2 ( 4/(12:) (kF Jq'.y kF Jq' x 4UFk13: Jq' x
(D16)

(

The first term on the right-hand side of Eq. (D15) can be
further manipulated. Indeed, when it is introduced in Eq. (C3)
it gives

1
! A A ! A A
Dwks § :Uq’[‘lx”quq’”fq’ — 4.l Tg—q']

= 2a)k A4 Vg — 4 Vg+q']
Vgpq qxq
Sk 2 g2 afafi-g + 0. (DIT)
F
q

Here, we performed the shift ¢’ — ¢ +¢’ in the term
proportional to Aig iz, , using that ¢ = g3, and we took the
small-q limit in the last line of Eq. (D17). Finally, using the
continuity equation

wigh_g=—q' - g +hgq - j_,.  (DIB)

we can rewrite Eq. (C4) in the form of Eq. (C6).

APPENDIX E: THE VISCOSITY TRANSPORT TIME

We now guide the reader through the all-order diagram-
matic calculation of the low-frequency viscosity, from which
we extract the corresponding transport time 7,. We remind
the reader that the low-frequency shear viscosity is given by
Eq. (57), i.e.,

.1 1
o = _ul)l—rg)@zdm Xl]l](o Cl)) Xll]](o w)
i.j
(ED)
where xqp ,,(q,w) is the stress-stress response function. Fig-

ures 3 and 4 summarize the all-order microscopic calculation
of Xap,uv(q,®), which is given by [Fig. 3(a)]

Xotﬂ,,u,v(qviwm) = _kBT Z G)»(k—vign)
k,en AN
x APk ke )G (ki + i)
XA ke yigy + iom.k_ig,).  (E2)

Here, G,(k,ie) is the Green’s function (represented by a
double solid line in Figs. 3 and 4) dressed by the self-energy
insertion of Fig. 3(b), k. =k £ ¢q/2, &, (w,,) is a fermionic
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(bosonic) Matsubara frequency, and A and A" are band indices.
In Eq. (E2), we defined the bare vertex (represented as a solid
dot in Fig. 3)

Fkaé‘;’i?(k_,kg + ks Sk k)

APk ) = v 5

. (E3)

Finally, Agf;\‘/))(k,is,k’,is/) is the dressed vertex function

(represented as a triangle in Figs. 3 and 4), which satisfies
the self-consistent Bethe-Salpeter equation of Fig. 3(c). The
choice of the quasiparticle self-energy, and the requirement
of fulfilling the Ward identities, uniquely determine the form
of the Bethe-Salpeter equation, i.e., the irreducible interaction
1. Figure 4 shows the three contributions to the irreducible
interactions. In formulas, the Bethe-Salpeter equation is

APk ie, + iomk_ie,)

3
= A ey k) + Y AP ke ien + ion k_igy).

i=1

(E4)

where the three (A (ky i, +iwn.k_,ig,),i=1,...,3)
correspond to the three diagrams in Fig. 4, and read
APk ie, + ion.k_ie,)
=ksT > Wy, (K kigy —ie))G (K, igy + iwy)
K.y
X AP U iew + iwn k. ien)G Lk igy) (E5)
and
ALk sien + iom K ig,)
=ksT Y Wik Kiey —ie))G (K, igy + iwn)
K.ey

X AW gy + ik ien)G k. iey),

(E6)
and finally,
AP ey gy + iomk_.igy)
=ksT Y Wi, kiey +ie, +iwn)Gp
ke,
X (ks Ao A (K isytion k. ien)Guk_iey).
(E7)

Here,

1 )
WA(A),W/(k/,k,lwm)

= W(k — k',iwn) Dy (ki k' Dy (k" k_), (ER)
where W(q,iw,,) is the screened interaction, represented as a
wavy line in Figs. 3 and 4. In the large- Ny limit, this is given
by
Vg

W(qaiQm) == . )
1 - Uann(qlem)

(E9)
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where x,,(q,®) is the proper density-density response function
[4] of graphene, i.e., [23]

Xnn(qion) = NeksT Y Y~ Gu(q'ie,)
qr,gn )LN»I/-"
xGu(q' +q.ie, +ivy)
xDyw(q'.q + @)Dy (q' + q.9). (E10)

Moreover,
Wi (K Jeiey —ie,)
=—ksT Y Y W(g iog)W(q — g iww —ioy)

q' o A1
x Dy (kg kg — q)Dialky — q' k)
XDy (K Ky = gDy (K, — g )
XGulky —q'sie, +iwy — i)

XGM”(kCF - q/’ign’ + la)m - la)m’) (Ell)

and
W}Ei)’uu/(k/vkvign/ + ien + lwm)

=—keT D Y W@ ion)W(Qg —q.iow —ioy)

q' @y A
XDk .k +q")Dy(k— +q' k)
XDy (KK, — gDy (K, — q' K, )G
x(k_ +q'ig, +iw,)

XG k', — q' ey +iwy — iow). (E12)
In Eqgs. (E5)—(E12), we suppressed the g dependence of
WO kie,y —ie,)and WO k,icy +ic, +ioy).

In what follows, we first analytically continue Eqs. (E2)—
(E12), and then we consider the limit of ¢ = 0, small frequency
and low temperature. These limits allows us to exactly solve
the Bethe-Salpeter equation. This information is then used to

calculate the low-frequency viscosity as shown by Eq. (E1).

1. Analytical continuation to real frequencies

The analytical continuation of equations similar to
Egs. (E2)-(E12) was performed in Ref. [23]. Therefore
we summarize here only the main results. After the ana-
lytical continuation, the integral on the right-hand side of
Eq. (E2) contains products of two advanced Green’s functions
(schematically GWG™W), two retarded ones (GRG®), or
one advanced and one retarded (GYG®). The first two
combinations have both poles on the same side of the complex
plane. Therefore, in the limit erte. > 1, they give a negligible
contribution, and we can retain only the combination G4 G® .
We thus get

de
Kopsolg.0) = 3 [ §inete @) (o)
kA T
x GV k_ ) ALSP e k)G (k8 + )

XA (kg ey + 0.k 8), (E13)
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where ¢4 = ¢ £i0™, and G(AR) (k,e) = G,(k,ey) [G(AA) (k,e) = G, (k,e_)]is the retarded [advanced] Green’s function. The vertex
function satisfies the following Bethe-Salpeter equation:

3
AP e +ok_e) = AP K k) + Y APk ey + 0.k e0), (E14)
i=1
where
AP e, oy ko) = — Z (W), ok Jeel — &)= W) (K ke, —e)]
xGLR,)(k’ &+ oADK, e+ ok e )GPE e, (E15)
Af\%fﬁ)(h,ﬂ +wk_,e )= Z 8)][W)(Li2uu’(k,’k’€i —&) - W)Ei)/wb'(k,’k’g; o 8)]
XG(R)(k/ e +)APE & +wk & )GV &) (E16)
M/ B} M/M 9 + ’ — H’ — 9
and finally,
AP ey oy + ke ) = Z (Wi (' el ) = WD (K el + 6]

xGLR,)(k’ &+ o)A U ey + o ke )G E). (E17)

In these equations, we defined the Fermi and Bose distributions ng(e) = [e®/*#T) + 117! and ng(e) = [e®/*3T) — 117!, and the
potentials

1 1
WL\)/W,(S’_ —&) — W;A), (& =€)

=—4 Y [Wk—K. —ef /—[nF(a) + &) — np(@ + #)]

g
x3m[GR (g — ko +)]3m[GR(q — k', + &) Dy s KDy (K k) Dy, (g’ — kg’ = K)Dyrin(q'—K o' =),
(E18)

2 2
Wi o6 — &) = W3 (el — &)

d /
Z / -W(g' . )W(qg',0_ — w)np(w —& —w) — np(0 — & — )]

g\

x[G ks —q e+ 0 — o) — Gk —q' e + 0 —N][GPK, —q & +©—0)— G, —q.& +v— )

" 0

XD}\_/A//(k_‘_,k.‘_ — q,)ID)L//)L(k_’_ — q ,k_)D’u_Mr/(k/_,k:'_ — q/)D/‘vNH,(k-ﬁ- — q s +), (E19)
and finally,
3 Cw®
Wi i (e +e+ a)) W)\A/W,(sJr + e+ w)

- > / LW WG 0 — o)np + &) — np@ — &)

/ A//
X[Gf\l})(k, +q,e+o)— G(ﬁ)(k, +4q e+ w')] [Gf,,)(kﬁr —q . +ow—-0o)— Gg\,,)(k’+ —q. & +ow— a)’)]
XxDyy(k—k_ + q' YDy (k- + q' k)Dy (k' k', — gDy (K, — q' k). (E20)

2. The Bethe-Salpeter equation
Setting ¢ = 0 and taking the limit @ — 0, Eq. (E13) becomes

ong(e) X v
Xapun(q = 0,0) = o l/ree Z/ > ( F ) m[GR k)| AP (ke A (ke s + w0,k e0). (E21)
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Here we used that
28,5

G(A)k G(R)k,8+a) ~——
(k.&)G;,( ) Ty

Sm[GSP(k,e)].
(E22)

In writing Eq. (E22), we retained only the singular part of the
product of the two Green’s functions, i.e., the quasiparticle
pole, and we neglected the regular part. Herein relies our
Fermi-liquid approximation. In so doing, we are able to
significantly simplify the following expressions, especially
that of the Bethe-Salpeter equation, which can then be
solved analytically. This allows us to determine the viscosity
transport time. However, by neglecting the regular part of the
product (E22), we miss the Fermi-liquid renormalization of
the shear modulus S,. Note that, while the transport time is a

J

AP (key + ke )

PHYSICAL REVIEW B 93, 125410 (2016)

nonperturbative quantity which diverges in the limit aee — O,
the renormalization of S, can be calculated perturbatively.
Therefore our approach captures the most significant effect of
e-e interactions in the regime in which they are not too strong
(ie., dee S 1.

We observe that, at low temperature, the derivative of the
Fermi function is strongly peaked at & ~ 0. This in turn implies
that we can set ¢ = 0 in Sm[G(AR)(k,e)] on the right-hand side
of Eq. (E21). The latter is then strongly peaked at the Fermi
surface, and allows us to set k = kg and A = + in the rest of
the integrand. As shown in Ref. [23], we cannot set ¢ = 0 in
the factor A*" (k& ,k,&_). This happens because the latter
contains Fermi and Bose distributions which combine with
the factor —dng(e)/(d¢) on the right-hand side of Eq. (E21) to
produce the correct vertex correction,.

After the analytical continuation Egs. (E15)-(E20) read

= /2 /—[np(s)—i—ns(e — e + &) — np(@ + ©)]
i

w+l/fee g o A

x| Wk — k&2 3m[GR (K e |3m[ G} (g’
XDyru(q —k.q" —k'YDyn(q' —k'.q'

Aiz’aﬂ)(k ey +w,k,e)

— k.o)|3m[G) (g — K\ + &) D, (kK YDy (K )

- w+l/%2 3 /Zm /—[nF<e)+nB<a — e — &) — np(@ — )]

K.q 12"

x|W(g',0)PIm[GP (K &) ]3m[G) (k — ¢,

XDA”A(k - q/’k)DW”(k/,k/ - q/)D;/.”p.
and finally,

A(f’aﬁ)(k e +ow,k,el)

do’ , ) ) / ,
- w+l/fee2 2 /%/%[nF(S)ﬁL”B@ + &)llnp(w’ + &) — np(w’ — €]

K.q A

x|W(g'.)*3m[GP (K &) |3m[G(k + q'.)|3m[G) (K — q'.&' — )| Dk .k + q)

XDA”)»(k + q/vk)Duu”(k/’k/ - ql)Du”/L(k/

In these equations, the limit @ — 0 is understood.

— kAP K &, + w. k), (E23)
—w )]om[G( (k' —q'.&" — )| Dy (k .k — q')

(k' —q' KA K &, + o,k &), (E24)

— g KNP &, + .k &) (E25)

We now recall that Eqs. (E23)—(E25) must be introduced into Eq. (E21) and integrated over ¢ with the weighting factor

onp(e)/(d¢). To perform such integration, we use the fact that

9
N = n; ©) eyt (e — e’ + £) — np(e” + £)
- 8”;(8 )[ v(e + €") — np(e)ne(e + ") — np(e)] — " 3”;(/&/‘ ) Oete) anF(/g )- (E26)
” & de ae
In evaluating an integral of the form

where f(&”) is some smooth function of its argument, we exploit the fact that the weighting function £”?dng(¢”)/de" is strongly
peaked at ¢” = 0 and its width scales with ké T?/eg. This does not mean, however, that one can simply replace f(¢”) by f(0).
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Such a crude approximation may introduce spurious divergences [23]. To take this into account, we approximate

212k T)?
7= —¥ f@) + 0T, (E28)
where [23] & = ¢kgT is approximated with half the variance of the distribution £29ng(g)/(d¢). Therefore, ¢ = 7/ V/5. With this
approximation, we can rewrite

4i(kpT)?
Agk“ﬂ)(k,w+,k,o—)=—“—wz > Wk — K .0)P3m[GR K .0)]3m[G(q' — k.0)|3m[G) g — K.0)]
Mo+ iftee) (= T
X Dy (k. k' YDyur (k' k)Ds (g’ — kg’ — K)Dpin(q' — K .q¢' — )ASD (K 04 K 07), (E29)
ALk, e07) = — 0BT 0 GRW 0)]3m[Gk — q'.0)]3m[G)(K —q'.0
5P e Je,07) = D) WG 0PIm[GRE 0)]3m[G (ke — ¢',0)]3m |G (kK — q',0)]

3(w+l/tee) P

x Dy (k. — q)Dyy(k — q' KDy (k' k' — gDy (k' — g KYAD (K 4 k' ,07), (E30)

and finally,

4l(kBT)

AL (koo k,07) = D0 IWg 0OPIm[GPE.0)]3m[G) (k + q'.0)]3m[G Tk — q',0)]

’ﬂ)\/ ”

X Dy (k,k + YDy (k + ¢/ K)Dyyyr (k' k' — YDy (k' — ¢ KNS K 0 K,07). (E31)

K

3 +i/Te) i/Tee) &

Shifting k' — k — q” and ¢’ — k — k" in Eq. (E30), we obtain
4itksT?

AP kwy k,07) =
R PR

DY Wk — K 0)PIm[GRk — q".0)]3m[ G (K".0)|3m[GL) (K" — q",0)]

k’.q" A 1"

X Dy (kK" YDy (K" kYD (k — q" K" — "Dy (K" — "k — ¢ VAS k — q" 01k — q",07),

(E32)
while shifting K" — k" — q” and ¢’ — k" — k in Eq. (E31), we get
3.ap) — 4i (kg T)2 " 2~ R)/1,” ” ~ R) 1./ ~ (R) ”
APk, k,07) = 3(w+—z/r)z Z (W' — k0)PIm[GRE" — ¢".0)13m[ G (k" 0)]3m[G}) (k — q".0)]| Dy
ee

k’,q/lf- )»// "
% (k,k”)'D)\H)L(k”,k)DHH”(k” _ q”,k _ q//)Du”li(k _ q”,k” _ ‘I//)A%)(k” _ q//’er’ku _ q//’o—).
(E33)

We now observe that the products of the three Green’s functions on the right-hand sides of Eqs. (E29)—(E31) constrains
(i) u =’ = 1" = + and (ii) the momenta of their arguments to be at the Fermi surface. After renaming dummy momentum
variables and noting that Dy, (—k, — k') = D, (k,k’), we finally get

4i(kgT)?

A(aﬁ) k, +,k,07 A(O .ap) k k N
eI 0 = A S i

YN Wk —K.0P3m[GRK 0)]3m[GS) (g — k.0)]3m
kK .q n.un' 2"
x [G5)(q" — K',0)] D1 (b kYD (K ) Dsryr(q' — kg’ — K )Dyir(q' — K g — AT (K w4 K ,07)
+ APk — g 0k —q'.07) = AP — g0 K —¢',07)]. (E34)
We solve Eq. (E34) with the following ansatz:
AP k,wi k,07) = y (@) ALk k), (E35)

which reduces the self-consistent equation to an algebraic one. We now recall that the full vertex must be plugged in the
stress-stress response function of Eq. (E13), which has then to be summed according to Eq. (E1) to produce the shear viscosity.
Thanks to the result of Eq. (54) and to the interpolation formula of Eq. (1), only the first term on the right-hand side of Eq. (E1)

is expected to give a final result. The summation required by that term is equivalent to multiply Eq. (E34) by A(ffﬁ )(k,k) and
sum over the space indices «, 8. Since

1
- Y AP U )AL (e k) = 1, (E36)
a.p
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we get

4i(kgT
y) =1-y@ 3(’(+Bl/)r )Z > Wk — K. 0PSm[GRE .0)]3m[G (g — k.0)]3m[G) (g — K.0)]

L, A
x D, (k kYD (k' ,k)Dy,(q' — kg’ — kYD (q' — k' .q' — k)[cos®(gr) + cos*(pr—q) — cos*(gp_g)1.  (E37)

Here we used that k = k' = kg and that the Green’s functions of Eq. (E34) constrain their momentum arguments to be at the
Fermi surface. We also assumed k = kX. Equation (E37) can be rewritten as

1/Tee — 1/ Ty
y() =1+ V(“’)—ioj l./r/ ; (E38)
where
1 4(kBT) ’ 2~ R) /1, ~ R), s ~ R), ./ ’ ’ ’
— YN Wk —K.0P3m[GRK 0)]3m[GS) (g — k.0)]3m[G)(q" — K .0)] Dy (k. K YD, (k' k)
N K.q w2
X Dyry(q' — kg’ — k)Dy(q' — K'.q" — k)cos®(gp) + cos*(gr—g) — cos*(pr_g) — 1. (E39)
Equation (E38) is readily solved by
o+ i/ree
v(w) = m’ (E40)
v

which contains all the information about the vertex corrections.
Finally, putting Eqs. (E35) and (E40) back into Egs. (E13) and (E1), and taking the limit  — 0, we get

s%rv /‘ de 8np(s)

o X[ 5 ke ke
ee

No =
k, Y /
SFTV

= 3m[G'N(k,00GP (k,0
mmeez"" P k,0)G L (k,0)]

1
— “nept,. E41
T (E41)

Here we used the result of Eq. (E36) to calculate the product of two bare matrix elements. One immediately recognizes Sy = nep/4
as the noninteracting bulk modulus (which is not renormalized by e-e interactions, as discussed before) and t, as the viscosity
transport time.

3. Transformation of Eq. (E39) to a computationally efficient formula

We start from the definition of Eq. (E39), and we shiftk’ — k — ¢, ¢’ — k" + k. We get

1 4(k T) ~ PR p
- > 3 W@.0)PIm[GRk — q.0)]3m[G (K",0)]3m[G (k" + q.0)| Dy .k — q)Dys(k — q.k)
q.q9" 1N
X Dy (k" k" + @)Dy (k" + q.k")[cos* (r—g)+ cos* (@) — cos* (g4 4)—11. (E42)

Now we use the fact that, if the scattering occurs at the Fermi surface, k" + ¢ (k") is opposite to k (k + q) (see also Ref. [23]).
Therefore

1 8ksT
- = (B y >0 IW@.oPIm[GL K .0)]3m[G Rk — 4.0)]3m[G) (K" + q.0)]

W q.9' N
x Dyu(k .k — @)Dy (k — q.k) Dy (k" k" + @)Dy (k" + q.k")[1 — cos*(@r44)]- (E43)

Note that the expression of Eq. (E43), if one excludes the matrix element in its last line, coincides with the quasiparticle lifetime
for kgT < er reported in Refs. [22,23]. The expression of the quasiparticle lifetime valid at all temperatures was also given in
Ref. [5]. Atlow temperature (a limit that almost always holds in graphene), we can thus rewrite 1/7, using the formulas provided
in Ref. [5], amending them by multiplying the integrand with the matrix element 1 — cos?(¢k+4). Since that was derived in a
regime in which intraband transitions are responsible for the dominant contribution, in what follows we approximate the formulas
of Ref. [5] by neglecting contributions due to interband processes. This approximation is valid in the low-temperature regime.
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We get
14 o anp®) [T 1—npE —w) [T ve 1 o
e B B e} MR e R
P }4(612—602/1)%)
et 1 = e | .
where
_ 2 2,2
A++ _ 4(k C!)/UF) |: _ q w /UF :I@{[(Zk _ a)/vF)2 _ qZ](qZ _ 602/1)1%-)}, (E45)
oy 12k — /e — g2)(g? - ?pf) L K= efo)
and we used that
2 2,2
cos(prsq) — 1 — ;Mk——%' (E46)

Equation (E44) has a form similar to the quasiparticle contribution to the decay rate given in Ref. [5]. We did not write the
quasihole contribution, but we included it with an extra factor of two that multiplies the whole expression. Indeed, in the
low-temperature limit, the quasiparticle and quasihole contributions are identical [5]. The integration over & in Eq. (E44), with
the weighting factor ang(£)/(0£), is the same integration we performed in the Bethe-Salpeter equation [see the discussion after
Eq. (E25)]. Its origin has to be found in the fact that, in the limit of low temperature, the energy-dependent self-energy can be
replaced by its average over the thermally excited states. Note that, since in the low-temperature limit the function dng(§)/(9§)
is strongly peaked at £ = 0 (which in turn implies k = kg), we set k = kg everywhere in the integrand on the right-hand side of
Eq. (E44), except in the Fermi function on its first line, which strongly depends on &.

Following Refs. [5,22,23], we can now calculate Eq. (E44). As noted in the main text, the matrix element 1 — COSZ((pk+q)
completely suppresses the divergence due to the small-g region. Following the same manipulations performed in Ref. [5], we get

1 00 9 400 2ke—w/ve g _
— =32N(0)a2 / ag 2F ©) doong(—o) 44 np(§ — o)
Ty —00 as —00 |w|/vE q (1 + m)Z + ﬁw_z l—ql/(4k§)
q > v} P—w?/v}
2 2
W A ) [1 9’ — @/ ] q° — /v (E47)

q> — V2 | dkp(kp — w/vp) | 2kp(ke — w/vp)’

Here, N(0) = Nieg/[27 (hvg)?] is the density-of-states at the Fermi energy. Since the ratio in the integrand on the first line of
Eq. (E47) is strongly peaked around &, = 0, we take the limit of £, — 0 in the rest of the integrand. Contrary to the case of
the quasiparticle lifetime this does not lead to any divergence. Indeed, the integrand is regular for ¢ — 0,2kg.

As we showed in the main text, the largest contribution to the integral (E47) comes from processes at the Fermi surface
for which the initial (k) and final (kK 4+ ¢) momenta are nearly orthogonal. In these processes the transferred momentum is
g = +/2kg. Taking this into account, and owing to the fact that the integrand vanishes for ¢ = 0,2k (i.e., for collinear processes),
we estimate the 1/g-factor on the right-hand side of Eq. (E47) with (v/2kg)~". We then take the limit @ — 0 everywhere but in
the first line of Eq. (E47). Upon integration, we get

1 642 o (kgT)?
— =N

7y 45 (1 + Nioeo)?  hep

(E48)
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